This review critically summarizes the literature on the spectrum of health effects of zinc status, ranging from symptoms of zinc deficiency to excess exposure. Studies on zinc intake are reviewed in relation to optimum requirements as a function of age and sex. Current knowledge on the biochemical properties of zinc which are critical to the essential role of this metal in biological systems is summarized. Dietary and physiological factors influencing the bioavailability and utilization of zinc are considered with special attention to interactions with iron and copper status. The effects of zinc deficiency and toxicity are reviewed with respect to specific organs, immunological and reproductive function, and genotoxicity and carcinogenicity. Finally, key questions are identified where research is needed, such as the risks to human health of altered environmental distribution of zinc, assessment of zinc status in humans, effects of zinc status in relation to other essential metals on immune function, reproduction, neurological function, and the cardiovascular system, and mechanistic studies to further elucidate the biological effects of zinc at the molecular level. - There is considerable evidence that zinc deficiency in humans is a serious worldwide problem and outweighs the potential problem of accidental, self-imposed, or environmental exposure to zinc excess. Acute deficiency (1) and chronic deficiency (2) are well-known entities in human populations and are probably much more common than generally recognized. The importance of zinc for human health was first documented in 1963 (3) Telephone (617) (617) 638-4329. E-mail: ctwalsh~bu.edu renal disease, and other chronically debilitating diseases are now known to be predisposing factors for zinc deficiency in humans (4).
The Spectrum of Health Effects Related to Zinc Status: From Deficiency to Excess
There is considerable evidence that zinc deficiency in humans is a serious worldwide problem and outweighs the potential problem of accidental, self-imposed, or environmental exposure to zinc excess. Acute deficiency (1) and chronic deficiency (2) are well-known entities in human populations and are probably much more common than generally recognized. The importance of zinc for human health was first documented in 1963 (3) . During the past Prasad, renal disease, and other chronically debilitating diseases are now known to be predisposing factors for zinc deficiency in humans (4) .
Zinc deficiency is reflected in clinical syndromes which affect men and women of all ages and all socioeconomic and cultural classes in the United States. It is neither prevalent in any specific area of the United States nor associated with any specific or definitive biochemical marker, which can make its identification difficult and confusing. Its presence is manifested by a wide spectrum of symptoms, from acute, life threatening problems to mild subclinical or marginal disorders which may only vaguely disturb well being. The acute problems are often seen in profoundly ill patients treated in hospitals, whereas subclinical problems may be so vague that patients seek assistance outside traditional medical practice.
Based upon clinical data and using traditional, epidemiologic techniques, Henkin and Aamodt (5) have reclassified zinc deficiency into three syndromes; these are a) acute, b) chronic, and c) subacute zinc deficiency. Acute zinc deficiency is relatively uncommon and follows parenteral hyperalimentation or oral L-histidine administration. Chronic zinc deficiency is more common, usually resulting from chronic dietary lack of zinc. Subacute or latent zinc deficiency is the most common of these syndromes. It is estimated that there are 4 million people in the United States with this syndrome, the initial symptom being dysfunction of taste and olfaction; treatment with exogenous zinc restores taste and smell but this usually requires months before these functions are returned to normal (6) . Diagnosis of these disorders is most efficacious following oral administration of zinc tracers such as 65Zn, 67Zn, or 70Zn with subsequent evaluation of the kinetics of transfer of the isotope into various body tissues, the formulation of the data by compartmental analysis, and the integration of the data by a systematic model of zinc metabolism. Obviously, these techniques are complex and technically difficult, not a routine means readily applicable to assessing zinc status in individuals. In fact, there are no simple means for assessing the status of zinc in the human population.
Clinical symptoms of human zinc-deficiency states exhibit a spectrum ranging from mild to severe and may even be fatal if unrecognized and not corrected (4) . The clinical manifestations of severely zinc deficient subjects include bullous pustular dermatitis, diarrhea, alopecia, mental disturbances, and intercurrent infections due to cell-mediated immune disorders. These severe signs are seen in patients with acrodermatitis enteropathica secondary to an inborn error of zinc absorption, patients receiving total parenteral nutrition without zinc, and patients receiving penicillamine therapy. Growth retardation, male hypoEnvironmental Health Perspectives 5 gonadism, skin changes, poor appetite, mental lethargy, abnormal dark adaptation, and delayed wound healing are usual manifestations of moderate deficiency of zinc. Recent studies show that a mild or marginal deficiency of zinc in humans is characterized by neurosensory changes, oligospermia in males, decreased serum testosterone in males, hyperammonemia, decreased serum thymulin activity, decreased IL-2 production, decreased natural killer cell activity, alterations in T cell subpopulations (4), impaired neuropsychological functions (7) , and decreased ethanol clearance (8) . All the above manifestations are correctable by zinc supplementation.
Zinc is generally considered a relatively nontoxic metal (9) . This classification is based on several characteristics: a) zinc is a metal essential to hundreds of biological processes and must be consumed in the diet for optimum health; b) zinc is relatively abundant in the natural environment; c) the recommended daily allowance (RDA) of zinc in the human population is 8 to 15 mg higher than many other essential metals; d) zinc does not appear to accumulate in the body with age; e) there are no known genetic abnormalities which result in excessive accumulation of zinc in the body, unlike metals such as copper (Wilson's disease) and iron (hemochromatosis); f) homeostatic mechanisms regulate the body burden of zinc such that increased intake is associated with decreased absorption and increased excretion; g) zinc may have antioxidant effects and does not participate in oxidation-reduction cycles like iron and other transition elements; h) administration of zinc for therapeutic purposes in man at doses above the RDA have not produced significant pathology; and i) administration of zinc to experimental animals in doses more that 100 times the RDA have not produced significant pathology.
Some zinc salts, such as zinc chloride, in sufficient concentration can injure epithelial tissue. Inhalation, exposure of the skin, or ingestion can produce local pathological effects. In addition, intake of excess zinc has been reported in human studies to affect levels of pancreatic enzymes (10) and lipoproteins in serum (11, 12) , to alter the metabolism of copper (13) (14) (15) and iron (16) , and to alter immunological function (12) .
The industrial use of zinc affects the environmental distribution of this metal; zinc is frequently found in industrial waste sites. Currently, regulatory agencies in the United States are concerned with the possible significance of increased exposure to zinc through environmental sources such as increases in drinking water, particularly through leaching of zinc into ground water surrounding waste sites. Excess exposure to zinc is also potentially a hazard for industrial workers, especially through inhalation of welding fumes and exposure in smelting operations. Oral intake at levels above the RDA is also of concern in individuals who self medicate with dietary supplements of zinc and those who are treated with these preparations for therapeutic purposes.
The purposes of this paper are to a) review data on the zinc status of the US population, including critical dietary and physiological determinants; b) summarize current understanding of the role of zinc in biochemical and physiologic processes, as revealed in part by studies of zinc deficiency; c) evaluate the available literature regarding effects of increased exposure to zinc; and d) recommend areas of investigation for enhancing understanding of the health effects of zinc over the spectrum of zinc status from deficiency to excess.
Zinc Status in the US Population Zinc Intake in the Diet
Zinc status of humans is generally determined by the quality and quantity of zinc in the diet and the physiologic condition of the individual. For persons with fully functional homeostatic mechanisms, quality and quantity of the diet are the major determinants of zinc adequacy. Diet quality and quantity are determined by the economic resources of the person, the availability of foods in the market place and individual food choices. Quality of the diet determines the sources and bioavailability of dietary zinc.
The zinc content of omnivorous North American diets is about 10-15 mg daily (17) . A survey of US foods found 4.63 mg Zn/1000 kcal (18) . Some reported dietary intakes of zinc are shown in Table 1 (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . The zinc contents of food products are altered by cooking, and zinc bioavailability is dependent on other components of the diet. Consequently, intakes of zinc based on calculations from food tables are estimates only.
Zinc is not evenly distributed in quantity or availability among foods. Table 2 indicates the total zinc content in ordinary size portions of foods. The major source of readily bioavailable zinc in the US diet is beef (32, 33) . The second most important source is pork (34) . Current data suggest that meat provides nearly 50% of the zinc in the average US diet, that dairy products provide about 20% and that cereals and legumes provide the remainder (35) (Table  3) . In contrast to omnivores, lacto-ovovegetarians obtain the majority of zinc from cereals (16%), beans and nuts (26%), and milk and eggs (18%) (36) .
The critical importance of the bioavailability of dietary zinc to zinc nutriture was first shown in experimental animals From Sandstead (31) ; reprinted with permission. (37, 38) . Phytate, present in grain and vegetable components of the diet, was shown to inhibit zinc absorption. Subsequent research showed that zinc absorption in humans was also impaired by phytate (39) (40) (41) (42) . Zinc forms insoluble complexes with phytate at alkaline pH, which are even more insoluble as a calcium-phytate-zinc complex (43) . Other dietary inhibitors of zinc absorption include lignin, certain hemicelluloses, products of nonenzymatic Maillard browning, calcium phosphopeptides from the digestion of casein, and calcium (43) (44) (45) (46) . The availability of zinc from diets rich in foods prepared from unrefined cereals tends to be poor. This was first illustrated by balance studies on Iranian subjects fed diets rich in bread prepared from whole grain wheat flour (39, 40, 47) . Subse- quently, others used analysis of plasma zinc to show that foods rich in phytate, fiber, and lignin reduce apparent absorption of zinc (44, 48) . Of particular interest was the effect of tortilla on the increase in plasma zinc that occurs after ingestion of 120 g of oyster (44) . The increase was completely prevented by simultaneous consumption of 120 g of tortilla. Other studies found that as little as 26 g daily of wheat bran incorporated into 180 g of bread in a mixed western diet reduced the net retention of zinc (49) . The importance of the inhibition of zinc retention by high cereal diets is illustrated by the Prasad-Halsted syndrome, a condition of growth retardation and delayed sexual maturation among adolescents in Egypt and Iran who subsist on diets that are based on whole wheat unleavened bread and little or no meat (3, (50) (51) (52) . More recent findings in East African children, among whom short stature is common, support the concept that diets high in phytate can cause serious impairment in zinc nutriture of populations. The principle finding was an inverse relation of phytate-zinc and calcium-phytate-zinc molar ratios to the concentration of zinc in hair from the children (53) . Although hair zinc is a relatively insensitive indicator of zinc status, it is a useful index because it may be low while plasma levels are within the normal range (54) (55) (56) .
The binding of zinc by calcium phosphopeptides derived from the peptic digestion of casein (45) may affect the bioavailability of zinc to humans and thus affect zinc nutriture. This suggestion is supported by the finding of lower zinc retentions in 18 men fed diets that provided 15% of energy from protein, of which about 40% was from dairy products, as compared to zinc retention when the dietary protein was 8% of energy and the dairy products were not added (49) . A nearly 50% reduction in zinc retention in postmenopausal women fed cow's milk compared to water also indicates that cow's milk can decrease zinc bioavailability (57) . Others have found that dairy products added to a meal that contained turkey meat lowered zinc retention (58) . Zinc-tolerance tests in humans fed milk or cheese also indicate impaired zinc absorption (48, 59) .
Zinc Intake in Drinking Water
Under usual conditions, drinking water is a minor source of zinc intake. According to a review by the National Research Council of the National Academy of Sciences (NAS/NRC), the highest observed concentrations of zinc in drinking water are 1.3 to Other bakery products 6 .0 0. 4 3 Fats, oils From National Research Council (62).
1.5 mg/l (9) . Thus a person drinking 2 1 daily would consume a maximum of 3 mg/day from this source. The usual dietary intake of most adults does not exceed 12 mg daily. Therefore, consumption of drinking water containing the maximum observed zinc concentration would result in a total intake of 15 mg/day, which is the current RDA for adult men. The US Environmental Protection Agency standard for maximum zinc concentration in drinking water is 5 mg/l (60) , which is based on the aversive taste associated with higher zinc concentrations in water (61) .
Zinc Dietary Requirements
It is difficult to precisely determine the requirement of zinc in various populations, inasmuch as many dietary factors affect the bioavailability of zinc and environmental and physiological factors alter the requirements of zinc in different age groups. Nonetheless, the current US guidelines for RDAs of zinc (Table 4 ) appear reasonable. A substantial fraction of the population may consume less zinc than recommended (31, 63, 64) . Growing infants, children, adolescents and pregnant mothers require more zinc per kilogram than mature adults. In early lactation human milk provides about 2 to 3 mg zinc daily. The amount gradually decreases to about 0.6 mg/day at 6 months (65) . During lactation, the zinc content of milk remained constant in spite of 60 mg zinc supplementation per day for 2 weeks (66, 67) .
Zinc is less available from cow's milk formula than from human milk. Growth of infants fed zinc-enriched (5.8 mg/I) cow's milk formula was better than that of infants fed an unenriched formula that contained an amount of zinc (1.8 mg/l) similar to human milk (68) . Since that report was published, formulas have been supplemented to provide 5 mg zinc daily, assuming consumption of 750 ml of formula (17) . Because of the phytate content, zinc availability from soy-based formulas is lower than from cow's milk or human milk (69) .
Provisional factorial estimates of zinc requirements of infants (Table 5 ) are 1.1 to 1.25 mg daily up to 1 year (70) . The US NAS/NRC RDA of zinc infants is 5 mg daily, assuming 20% bioavailability (17) . The minimal requirement of dietary zinc for premature infants weighing 670 to 2420 g during the period from 36 to 40 weeks postconceptional age was determined to be 0.8 mg/kg/day (71) . The current recommendation for zinc administration in infants receiving total parenteral nutrition is 97.5 pg/kg/day. This amount of zinc may not be adequate for infants who have excessive gastrointestinal fluid losses, such as those who have recently undergone surgery and had excessive gastrointestinal drainage (72) .
Factorial estimates (Table 5) suggest that preadolescent children require about 1.6 mg of absorbed zinc daily for growth and maintenance (70) . The mean dietary requirement is therefore about 8.0 mg daily for diets containing 20% bioavailable zinc. If one assumes a 15% coefficient of variation and an allowance of 30% above the mean requirement, the recommended intake for preadolescent children is 10.4 mg daily. Based on different data and calculations, the RDA committee recommended 10 mg daily (17) . Average zinc intakes of US children ages ito 3 years are about 75% of the RDA, or 7.5 mg daily (35) . Table 1 are consistent with the US Department of Agriculture report. One early study showed that with dietary intakes of 4 to 6 mg/day, zinc balance was negative in preschool children (73) . If one assumes the RDA is 30% above the average dietary requirement, the probability approach for evaluating dietary data indicates that more than 50% of US children are at risk of zinc deficiency (74) .
Data in
It is evident from the above that quantitative knowledge of the zinc requirements of children is limited. One suspects that children from poor families, such as those cited in Table 1 , who were from poor Hispanic families in Denver and displayed improved growth when supplemented with zinc (21) , are at substantial significant risk of zinc deficiency. Studies in Middle Eastern schoolboys have also demonstrated retardation of growth and maturation (75, 76) , ameliorated by zinc supplementation (77) .
Because of accelerated growth, the zinc requirement of adolescents, as noted above, is greater than that of preadolescents. For this reason the RDA for this age group is the same as that for adults (12 mg for women and 15 mg for men) (17) . Factorial estimates (Table 5) of requirement are 14 mg daily for males ages 11 to 17 years and 13.3 mg daily for females ages 10 to 13 years, with 20% bioavailability of dietary zinc (70) . Assuming a 15% coefficient of variation in requirement, the recommended intake from the factorial estimates is 18.2 mg for boys, and 17.3 mg daily for girls. At present it is unknown how close (Table 5) . At 20% bioavailability the factorial estimate of need is 11.0 mg daily for both men and women (70) . The RDA is slightly higher, consumption of 15 mg/day by adult males (Table 4) . Other government advisory bodies have set different recommendations for zinc intake. The Canadian Bureau of Nutritional Sciences has recommended that a lower zinc intake (9 mg/day for adult males and 8 mg/day for females) is safe and adequate.
The effects of dietary composition on the requirement for zinc are illustrated by data from 30-day balance studies carried out in healthy men fed omnivorous diets (79) . In these studies the relationship between dietary intake of zinc (y) and zinc balance (x) was examined to determine the intake required to maintain equilibrium (y intercept). The diets provided 8% of energy as protein and were low in fiber and phytate. An intake of 7.18 ± 0.09 (SE) mg zinc daily was sufficient for equilibrium, which suggests the dietary zinc was more than 30% bioavailable. When 26 g of various cereal brans were added to the diet in 30 balance studies, the zinc requirement for equilibrium increased to 9.13 ± 0.37 (SE) mg daily. When the protein intake was increased to 15% of energy by adding dairy products to the diet, equilibrium intake was 12.17 ± 0.40 (SE) mg zinc on a diet without fiber and phytate and 14.74 ± 0.33 (SE) mg zinc (p<0.01) with a diet containing 26 g of cereal. Estimates of zinc requirements in relation to protein and phosphorus intake, based on data from the above metabolic studies, are indicated in Table 6 .
The factorial estimate (70) of zinc requirement at 20% bioavailability suggests a recommended intake of 14.3 mg for both men and women, assuming a 15% coefficient of variation. The RDA for men is 15 mg daily and for women is 12 mg daily.
Reported self-selected adult intakes of zinc are listed in Table 1 . According to US Department of Agriculture data, 60% of women ages 19 to 50 years consume <9.0 mg zinc daily (35) , or 75% of the RDA. This suggests that more than 50% of these women are at risk of zinc deficiency (74) .
Among the elderly, zinc intakes are about 9 mg daily with a wide range (80) . Because the capacity to absorb zinc from the intestine is reduced with aging (81), it seems likely that the elderly are at increased risk of zinc deficiency, an impression that appears supported by data (80) . The current zinc RDA for the elderly is the same as for younger adults. Relatively few elderly consume those amounts of zinc. Bunker et al. (82) have recently published a study illustrating these points. Five-day metabolic balance studies for zinc were carried out in 20 housebound elderly 70-to 85-year-old subjects who ate self-selected diets. The mean daily intake for zinc was significantly lower than the RDA for this age group. Zinc balances were negative; leukocyte zinc levels (but not plasma zinc) were decreased compared to controls and correlated with zinc balance.
In conclusion, evaluation of the risk of zinc deficiency by the probability approach, using estimates of zinc requirements from factorial calculations and balance studies, the 1989 RDA, and reported intakes of zinc suggest that many Americans are at risk of zinc deficiency (31, 63, 64) . Zinc deficiency has been documented in low-income children who participated in a Head-Start program (83) , in poor children in the Southeastern United States (63, 64, 84) , in elderly persons from the United States (4, 85) , and in so-called "normal healthy subjects" from the United States who showed zinc-related immunological abnormalities (86, 87 (95) . Analysis of the coordination sites of zinc in enzymes where its role is structural indicates bonding to sulfur ligands in cysteines to form a tetradentate complex. Vallee and Auld (91) have recently proposed, based on analysis of matrix zinc enzymes such as procollagenase, that one mechanism of enzyme activation may entail proteolytic cleavage of a segment with a cysteine zincbinding site. The residual protein would contain a zinc with only tridentate binding characteristics, thus rendering a fourth site available to act in a catalytic role.
DNA-binding Proteins. The interaction of zinc with proteins helps explain another critical function of zinc in biological systems, the regulation of DNA and RNA synthesis (96) (97) (98) (99) . By coordination with cysteine and histidine residues in certain proteins, zinc confers on the complex a tertiary structure which has affinity for unique stretches of DNA in promoter gene regions. The configurations include the zinc finger, the most common zinc motif, and the more recently characterized zinc thiolate cluster, seen in GAL4 (two zinc, six cysteine). A model of the 3-dimensional interaction of a zinc-finger binding protein with DNA, based on X-ray crystallographic analysis, has recently been published (100) . The a-helix of the finger loops was found to sit in the major groove of [ (106) . The site and mechanism of zinc-induced inhibition has not been thoroughly established; data from the work of Speizer suggest that zinc does not interact with the cation (Ca, Mg) or diacylglycerol regulatory sites but may impair stimulation of the enzyme by fatty acids (106) . Other work has focused on the translocation of protein kinase C which is involved in its activation (107) . These studies suggest that zinc enhances interaction of the enzyme with "phospholipid and membrane cytoskeletal protein," which may play a role in a specific functional response in human B lymphocytes.
Antioxidant Activity. Under in vitro conditions in biological systems, zinc can act as an antioxidant by interacting with sulfhydryl groups of macromolecules, thereby inhibiting their oxidation and by competing for binding sites on membranes with metals such as copper and iron, thereby decreasing the electron transfer capabilities of the latter (108) . In vivo at least one mechanism of zinc-induced antioxidant effect is the induction of metallothionein which is an effective free-radical quencher. Zinc administration can inhibit the toxicity of agents such as carbon tetrachloride, ethanol and ionizing radiation, which act in part through oxidative injury. These effects of zinc, however, may not be directly linked to an antioxidant effect and may be attributable to other mechanisms.
Membrane Interactions. Another property of zinc which has been hypothesized to play a role in normal physiological function of zinc is its capacity to "stabilize membranes" (109, 110 (111) observed that 8-or 24-hr application of zinc chloride in corn oil to the skin of pregnant rats on a zinc-deficient diet increased the plasma concentration of zinc to normal or slightly above normal levels, respectively. The fraction of the applied dose which was absorbed was not determined. A study by Hallmans (112) suggested that serum and urine zinc levels increased following application of adhesive tape containing zinc oxide onto second and third degree burn wounds. These data do not permit estimation of the magnitude or rate of dermal absorption of zinc. Skog and Wahlberg (113) have reported estimates of the percutaneous uptake of zinc chloride following topical application to the dorsal skin of the guinea pig. Their data were based on monitoring the decline of radioactivity emitted by 65Zn in at least 10 trials for each concentration. Concentrations of 0.08 to 4.87 M ZnCl2 with pH ranging from 1.8 to 6.1, were tested. Their method of data presentation makes interpretation difficult. It appeared that in most trials the loss of radioactivity after 5 hr was less than 1%, except for the trial with the lowest pH where the mean may have been between 1 and 2%. Kapur et al. (114) examined radioactivity remaining after 6 or 24 hr in the block of rabbit skin to which one of four zinc compounds in a glycerin:propylene glycol vehicle had been applied. This study entailed two animals sacrificed at different times, so the data are extremely limited.
Gastrointestinal Absorption. Zinc uptake by high molecular weight proteins in the intestinal mucosa is an active process requiring ATP (115) . Under conditions of normal dietary zinc uptake, the initial uptake of zinc by the brush-border membrane of the mucosal cell appears to depend on its net availability for uptake to, and transfer by, a membrane associated carrier. The uptake increases significantly with zinc depletion. The net availability of zinc for uptake into the mucosal cell depends on the relative zinc binding affinity of zinc-binding ligands in the intestinal lumen and the membrane carrier.
Recently, the intestinal site of zinc absorption in humans has been determined with the triple-lumen steady state perfusion technique (116 (20 mM) . Conversely, zinc (0.9 mM) also enhanced the absorption of glucose. The enhanced absorption of zinc in glucose was not accompanied by any increase in absorption of water and sodium. In contrast, increasing the concentration of zinc in the perfusate resulted in decreased absorption of sodium and water in a dose-related manner. Thus, these studies demonstrated that zinc absorption is concentration-dependent, occurs throughout the small intestine with a maximum rate in the jejunum, and is probably carrier-mediated.
Factors known to influence the net gastrointestinal absorption of zinc are listed in Table 7 and include: a) ligands (zinc may be bound to one or more ligands, some of which will impede and others enhance absorption); b) zinc status (absorption is increased during zinc deficiency); c) intracellular transport (the active transport mechanism of zinc appears to be under metabolic control); and d) endogenous zinc secretion (a significant amount of zinc is secreted into the intestinal lumen via the epithelial cells, bile, and pancreatic secretion.
LIGANDS (119) (120) (121) . The possibility also exists that the association of zinc with citric or picolinic acid is an artifact of isolation procedures. Although both citric acid and picolinic acid enhance zinc absorption, their physiological relevance is not clear. Although human milk contains less zinc than cow's milk, the availablility of zinc in human milk is significantly higher (122) . Some investigators have suggested that human milk contains a specific protein ligand for zinc, which is not present in significant quantity in cow's milk (123, 124) . In one study, a human milk protein was isolated which enhanced zinc absorption (123) . Other compounds in milk which may or may not be ligands per se also facilitate zinc absorption. These include histidine, D-penicillamine, essential fatty acids and prostaglandins (118) .
Prostaglandin E has been reported to increase zinc absorption. In zinc-deficient rats, a positive correlation between zinc and prostaglandin E content of the gut has been observed (125) . Cottonseed oil improved the clinical condition of three cases of patients with acrodermatitis enteropathica, a fatal disease prior to the advent of zinc therapy (126) . Linoleic acid and 'ylinolenic acid increased the phospholipids of the intestinal mucosa from zinc-deficient rats. Although zinc is not bound to prostaglandins or essential fatty acids, they may facilitate its absorption by unknown mechanisms.
Zinc absorption was measured in 37 children with malnutrition using the oral zinc tolerance test (22 mg elemental zinc) and the data were compared with those of a group of healthy control subjects (127) .
The increase in plasma zinc was significantly lower in patients with marasmic kwashiorkor than in the control group which may reflect decreased absorption. The zinc tolerance test was, however, normal in marasmic patients.
Plant proteins, such as soy, increase zinc requirement in comparison to proteins of animal origin in experimental animals. Excessive intake of phytate, a component of plant protein (myoinositol 1,2,3,4,5,6-hexakisdihydrogen phosphate), has been implicated as an important factor responsible for zinc deficiency in Middle Eastern dwarfs (128) . Negative zinc balance as a result of fiber supplementation has been demonstrated (129) . This effect may have been secondary to phytate and lignin in the diet. However, the effect has not been consistently observed in humans or in animals which may be due to different effects of soluble and insoluble fiber (26, 36, 130) . In vegetarians, phytate and fiber intake is significantly higher than in individuals eating an omnivorous diet, and it is likely that their combined effect on zinc absorption is clinically more important.
Alcohol is known to decrease zinc absorption in the rat (131, 132) . In humans, the effect of alcohol on zinc absorption is not well defined. Sullivan et al. (133, 134) , by using a zinc tolerance test, showed that zinc absorption was decreased by concurrent alcohol intake. Absorption of 65Zn has been shown to be lowered in patients with alcoholic cirrhosis in comparison to controls (135) . In alcoholics consuming a standard meal, absorption of 50 mg but not 25 mg of zinc was decreased (136) . Alcoholics exhibit low levels of plasma zinc and also hyperzincuria, which might be an important factor in the pathogenesis of zinc deficiency (134) .
Zinc absorption has also been examined in nonalcoholic cirrhotic patients with the oral zinc (22.5 mg elemental zinc) tolerance test (137) . The increase in plasma zinc was significantly lower in cirrhotic patients compared to the control group in the first, second, and fourth hour post ingestion. Zinc malabsorption may in part be the result of pathological changes in the intestinal mucosa and lamina propria, documented in biopsies EDTA, which is used during the processing of vegetables, has been shown to reduce zinc absorption in humans (44, 138) . EDTA appears to have two effects, one to decrease dietary zinc content and the other to decrease its absorption. Thus, depending upon the frequency and quantity of EDTA being used, one may observe a negative effect on zinc homeostasis in humans. ZINC STATUS. Zinc absorption is increased in zinc-deficient rats and decreased in rats fed excess zinc (118, 139, 140) . Zinc absorption is also increased in pregnant rats and reverts to normal after parturition. In humans an 11-fold increase in zinc ingestion, from a normal dietary intake of 8 to 13 mg daily to diet plus a 100 mg zinc supplement daily (as ZnSO4), produced only a 37% increase in plasma zinc (141) . These results could be explained in part by a drop in absorption from 43 to 9% of the ingested zinc load.
INTRACELLULAR TRANSPORT. The mechanism by which zinc is transferred to or across the mucosal surface of the microvilli is not known. Once in the intestinal cell, zinc becomes associated with metallothionein and perhaps other proteins (142) . This process appears to be dependent on protein synthesis, since cycloheximide and actinomycin D inhibit mucosal zinc uptake (143, 144) . The complexing of zinc with the intracellular metalloprotein is an energy-dependent process. The precise role of intestinal metallothionein in zinc absorption is not well understood.
Transport studies using pig small intestinal brush-border membrane vesicles showed that zinc uptake was augmented by highly permeable anions such as thiocyanates, suggesting that movement of zinc involved complex formation with negative species (145) . The imposition of an outwardly directed K+ gradient (negative inside) did not affect the maximum value (Jmax) of saturable zinc uptake but increased the concentration for half maximal uptake (Km) significantly. This suggests that at least a portion of zinc which crosses the membrane does not do so in a cationic form. The presence of calcium had no effect on zinc entry into the vesicles (145) .
In one study (146) , the addition of an excess of folate, histidine or glucose had no effect on zinc (5 iM) uptake by porcine intestinal brush-border membrane vesicles, whereas addition of picolinate, citrate and phytate to the incubation medium significantly reduced zinc uptake. The (152) . The binding of zinc to amino acids and serum protein has been studied in vitro by Prasad and Oberleas (152) . Following incubation of 65Zn with pooled native human serum, ultrafilterable zinc was determined to be 2 to 8% of the total serum zinc, when the zinc/albumin molar ratio was varied from 0.33 to 2.5. Under similar conditions, 0.2 to 1.2% of zinc was ultrafiltrable when predialyzed serum was used. In physiological concentrations, addition of amino acids to predialyzed serum increased ultrafilterable 65Zn severalfold. Histidine, glutamine, threonine, cystine, and lysine showed the most marked effect in this regard. It was suggested that the amino-acidbound fraction of zinc may have an important role in biological transport of this element. In predialyzed serum, the endogenous zinc content was determined to be highest in the albumin fraction with smaller concentrations in a-, -, and yglobulins. The results obtained by using 65Zn-incubated predialyzed serum, however, indicated a difference in the behavior of exogenous zinc as compared with the endogenous zinc bound to various serum proteins. In vitro studies using predialyzed albumin, haptoglobin, ceruloplasmin, a-2-macroglobin, transferrin, and IgG, incubated with 65Zn, revealed that zinc was bound to all these proteins, and that the binding of zinc to IgG was electrostatic in nature. Whereas amino acids competed effectively with albumin, haptoglobin, transferrin and IgG for binding of zinc, a similar phenomenon was not observed with respect to ceruloplasmin and a-2-macroglobulin, suggesting that the latter two proteins exhibited a specific binding property for zinc.
The uptake of transferrin-bound zinc by human lymphocytes is stimulated in vitro by several agents such as prostaglandin E1, epinephrine, glucagon, histamine, and serotonin (153) .
Prostaglandin F2a however, is inhibitory.
The mechanism is not known.
Body fluid, hair, and blood cell levels of zinc in humans are shown in Table 8 . Zinc in lymphocytes, granulocytes, and platelets appear to be a sensitive indicator of zinc status in humans. Table 9 shows the concentrations of zinc in various human and animal tissues.
Peripheral Utilization. Apart from studies of zinc uptake by the liver (160-162), very little is known about the utilization of zinc by peripheral tissues. 65Zn uptake by isolated rat hepatocytes in culture showed a rapid initial phase which was not carrier-mediated, and a slower second phase. Neither phase was affected by cyanide, prostaglandins or sex steroids, suggesting that active transport was not involved (160, 163) . High (65,000) and low (metallothionein, about 6000) molecular weight proteins were involved in zinc uptake by hepatocytes. When excess zinc was available, the lower weight proteins played a greater role.
A kinetic analysis of zinc uptake by isolated rat liver parenchymal cells defined two intracellular pools (161, 162) . In 1 pool zinc was bound relatively weakly and equilibrated rapidly with the medium at 370C (labile pool). ln the other pool zinc appeared to be bound tightly and equilibrated slowly. Zinc uptake was temperature dependent and was inhibited by both Nethylmaleimide and iodoacetamide, suggesting that sulfhydryl groups may be involved in one or more steps in the translocation/binding process. In contrast In vitro 65Zn uptake by human retinal pigment epithelium has also been studied (164) . The data were consistent with a facilitated type of transport and demonstrated the ability of human retinal pigment epithelium to accumulate and retain zinc.
It has been suggested that the peripheral utilization of zinc is abnormal in patients with myotonic dystrophy, thereby causing localized zinc depletion in cardiac and skeletal muscle (165) . Muscle catabolism is also an important mechanism by which zinc can be released to maintain fetal growth in zinc-deficient pregnant rats (166) . In pregnancy, there is reduced maternal fecal zinc excretion suggesting that peripheral utilization of zinc by the fetoplacental unit may be increased (167) .
Excretion. Zinc excretion is primarily via the feces (168) . Daily fecal excretion ranges from 5 to 10 mg/day and depends upon the dietary zinc. In pathological conditions accompanied by diarrhea and malabsorption excessive fecal loss of zinc may rapidly result in negative zinc balance. Fecal zinc is comprised of unabsorbed dietary zinc and endogenous zinc loss from bile, pancreatic fluid and cells of the intestinal mucosa. In man studies of 65Zn administered intravenously indicate that secretion of zinc into the intestine is as high as 18% of the administered tracer (169, 170) . The pancreatic secretion of zinc into the intestinal lumen has been studied in animals (171, 172) . Mateseche et al. (173) have demonstrated that even under "normal" conditions nearly as much zinc could be secreted from the pancreas as was absorbed from the intestine. The secretion of endogenous zinc is increased when the dietary protein is of plant origin in comparison to when the protein source is of animal origin.
Basal and cholecystokinin-stimulated pancreaticobiliary secretion of zinc has been studied in normal subjects on zinc-adequate and zinc-deficient diets and in patients with Wilson's disease before and after zinc therapy (153) . Following intravenous infusion of cholecystokinin (CCK8) (40 ng/kg/hr), the pancreaticobiliary secretion of zinc increased from a basal of 283 ± 76 nM/min to a peak of 717 ± 175 nM/min in normal subjects on a zinc adequate diet. Normal subjects on a zinc deficient diet had both lower basal (67 ± 16 nM/min) and stimulated (560 ± 31 nM/min) pancreaticobiliary secretion of zinc. In contrast to the markedly reduced pancreaticobiliary secretion of copper, patients with Wilson's disease, not treated with zinc, had normal basal (227 ± 126 nM/min) and stimulated (729 + 196 nM/min) zinc secretion. These studies demonstrate that a considerable amount of zinc is being secreted in pancreaticobiliary fluid in healthy subjects and in patients with Wilson's disease. These data also indicate that pancreaticobiliary secretion of zinc is dependent on zinc status and may therefore play a role in zinc homeostasis.
Zinc is also excreted in the urine. In humans approximately 200 to 600 pg zinc is lost per day in the urine, generally less than 10% of the amount consumed in the diet.
Urinary zinc excretion appears to be sensitive to alterations in zinc status (4, 141) . An 
11-fold increase in zinc ingestion in hu-
mans, by supplementation with ZnSO4, has been shown to produce a 37% increase in plasma zinc, but a 188% increase in daily zinc excretion in the urine (141) . These results indicated enhanced renal clearance in response to an increase in plasma levels, possibly due to increased filtration and/or decreased reabsorption. Zinc clearance studies in anesthetized dogs have been performed during hydropenia, mannitol infusion, and infusion of mannitol plus ZnSO4, ZnCl2, or cysteine (174) . Under control conditions the clearance of ultrafiltrable endogenous zinc was about one-quarter that of inulin, indicating substantial net reabsorption. ZnSO4 infusion increased filtered zinc 13-fold and zinc excretion only 6-fold, indicating increased net zinc reabsorption. Stop-flow studies localized zinc reabsorption to the distal nephron during infusion of mannitol and mannitol plus ZnSO4 or ZnCl2. Cysteine infusion increased urinary zinc excretion 86-fold, indicating net tubular zinc secretion, some of which derived from nonplasma sources. Zinc secretion was shown to occur in the proximal tubule with reversal of the distal reabsorption pattern seen during ZnSO4 and ZnCl2 infusion. These experiments demonstrate that the nephron under these experimental conditions is capable of both proximal secretion and distal reabsorption of zinc. There is no known capacity in mammals to store zinc with the possible exception of zinc stored in the bone. Homeostasis of zinc thus depends upon the balance between absorption and excretion. Zinc excretion is decreased when animals or humans are zinc deficient (175) (176) (177) . Zinc excretion in both urine and feces may be extremely low in zinc-deficient rats. In addition, zinc redistribution from bone into muscle may occur (178, 179) . Conversely, in zinc-supplemented animals, endogenous secretion of zinc is increased which helps maintain zinc homeostasis.
Interactions with Other Metals
Zinc and Copper. The interaction between zinc and copper may be considered to be mutually antagonistic. In zinc-deficient experimental animals levels of copper in liver and bone have been observed to increase (180) (181) (182) (183) (184) . In zinc deficient dairy cows copper excretion in milk is increased (185) . In contrast, excessive dietary zinc in experimental animals produces copper deficiency, as manifested by reduced copper concentrations in liver, heart, and serum, and decreased activities of copper metalloenzymes such as ceruloplasmin, cytochrome oxidase, and superoxide dismutase (186) (187) (188) (189) (190) . The effective dose level of zinc varies over a wide range from about 100 to more than 1000 mg/kg dietary dry matter, because various dietary constituents influence the availability of the dietary zinc and, thereby, the effects on copper metabolism. In humans chronic, elevated intake of zinc, 100 mg or more per day prescribed or self-administered, has been shown to induce copper deficiency (15, 191) .
Changes in copper status are reversed by raising dietary copper in oraer to narrow the zinc:copper ratio. Similarly, the zinc supply may be raised as a protective measure against copper toxicity in livestock (192) (193) (194) .
Imbalances between zinc and copper may occur because of either deficient or excessive copper intake, or excessive intake of zinc relative to copper. When the copper supply is low and zinc intake is adequate, zinc will be present at a relatively high level compared to copper and, in this situation, the zinc status is not affected, but copper status may be impaired (190, 195) . Only a slight increase in zinc concentration in the liver and bone may be noted in copper-deficient animals (196) . The effects of high copper intake when the zinc intake is normal are not well defined.
Mode of Zinc-Copper Interactions.
Zinc and copper inhibit each other's intestinal absorption under certain condiEnvironmental Health Perspectives tions. In rats excess copper decreases zinc absorption in zinc-adequate, but not in zinc-deficient, rats (197) (198) (199) (200) . In zinc deficiency, absorption of both zinc and copper is increased. In contrast, in copper deficiency, copper absorption is increased but zinc absorption is not. A completely satisfactory explanation for the zinc-copper interactions at the site of absorption is not available. Intestinal metallothionein level may play an important role. The level of metallothionein in the intestine is directly related to zinc status; zinc induces the synthesis of metallothionein in intestinal cells (201) . Inasmuch as metallothionein has a higher affinity for copper than zinc, copper absorbed by the intestinal mucosal cells is bound to metallothionein, does not enter the body and is returned to the intestinal lumen with the turnover of the intestinal mucosal cells (143) . No such relationship between metallothionein and reduced zinc absorption after excess copper exposure has been reported (202) .
Zinc and Copper Interactions in Humans. Copper deficiency is rare in human adults and is manifested by leukopenia and anemia (15) . In infants and children, nutritional copper deficiency resulting in hypochromic microcytic anemia and neutropenia has been reported (203) . Occasionally, total parenteral nutrition without copper supplementation has resulted in copper deficiency in adults (204, 205) .
Hypocupremia and hypoceruloplasminemia were observed in an adult with sickle cell anemia who received zinc (25 mg elemental zinc every 4 hr for 2 years) as an antisickling agent (15) . The hypocupremia was associated with microcytosis and relative neutropenia. Administration of copper corrected these abnormalities. Hypoceruloplasminemia of varying degrees in several other sickle cell anemia patients who were receiving oral zinc therapy has been observed (15) .
These observations prompted Brewer et al. (206) (207) . The need for alternative therapies led to trials with zinc by Brewer. Supportive of his approach were reports of Hoogenraad (208) which suggested that zinc might be efficacious in this disease.
Brewer et al. have studied a large series of patients since their original report (206, (209) (210) (211) . Their findings demonstrate the efficacy of zinc (50 mg, 3 times daily) in the treatment of Wilson's disease. Use of the copper tracer 64Cu acetate in cow's milk has documented that zinc therapy markedly reduces copper absorption from the intestine into blood from about 6% to <1% (212) . Further studies have revealed a decline to normal levels in 24-hr urinary copper excretion and in nonceruloplasmin plasma copper in zinc-treated patients with Wilson's disease (209) . Liver biopsies suggested that zinc therapy also prevented further hepatic accumulation of copper (210) .
Interactions of Zinc and Copper in Other Clinical Conditions. A reciprocal relationship between plasma levels of zinc and copper has been observed in various clinical conditions. A decreased plasma zinc level and an increased plasma copper level have been reported in pregnancy, women on oral contraceptives, acute infection, malignancy, cardiovascular disease, renal disease, schizophrenia, and certain endocrine diseases such as acromegaly and Addison's disease.
The interference of zinc with copper retention in humans is illustrated by clinical reports and investigations of subjects taking zinc supplements. Anemia and neutropenia developed in a man who took excess amounts of nonprescribed zinc gluconate for 2 years (13). Hyperzincemia, hypocupremia, low serum ceruloplasmin, and ringed sideroblasts in normoblasts in the bone marrow were observed. All the above manifestations were reversed following withdrawal of zinc. Presumably, these manifestations were caused by copper deficiency induced by excessive ingestion of zinc. Patterson et al. (213) also reported sideroblastic anemia and leukopenia associated with copper deficiency in a young man who had ingested more than 50 mg elemental zinc orally for 2 years. A woman studied by Hoffman et al. (14) who took 440 to 660 mg of zinc sulfate (110-165 mg elemental zinc) daily for 10 months for aphthous ulcers of her mouth and tongue developed copper deficiency with anemia and neutropenia. Samman and Roberts (214), using a double-blind crossover design, compared similar amounts of zinc supplementation, 150 mg zinc/day for 6 weeks, to placebo in healthy men and women. Plasma copper levels and hematocrits were not altered. However, in a subsequent report, these investigators (215) indicated that in females, but not males, the zinc treatment significantly reduced ferroxidase activity of serum ceruloplasmin, antioxidant activity of erythrocyte superoxide dismutase and copper-zinc erythrocyte superoxide dismutase. Plasma zinc levels were higher in females than in males, which possibly could explain the sex-dependent effect of zinc on copper status.
Fischer et al. (216) studied the effects of a lower leveJ of zinc supplementation (25 mg twice daily) on copper metabolism in 26 healthy adult men, also over a 6-week interval. Plasma zinc was significantly increased by week 2. No change occurred in plasma copper. However, by 6 weeks Cu, Zn-superoxide dismutase in red blood cells was decreased about 10% in the zinctreated group, suggestive of decreased copper status. Whether enzyme levels were altered in other tissues was not tested, although studies with rats by the same group (189) have shown decreases in liver superoxide dismutase as zinc intake increased. Balance studies in humans also suggest that copper requirements for equilibrium are increased as dietary zinc is elevated (217) In summary, several studies indicate that zinc may reduce the activity of erythrocyte superoxide dismutase, probably in response to a change in copper status. The physiological significance of this effect has not been established, either in primary copper deficiency or secondary to elevated zinc levels. This enzyme converts superoxide to hydrogen peroxide and oxygen and therefore modulates the cellular toxicity of superoxide generated in xenobiotic biotransformation or oxidant and nonoxidant stress (218) . Various factors such as nonlethal stress have been shown to induce increased synthesis of this enzyme (219) . Implications of the protective effect of this enzyme against chemically induced cancer are offered in studies such as that by Werts Iron Impairment of Zinc Absorption. Recently, a concern has been raised that an antagonistic effect of iron on zinc absorption may have a deleterious effect on zinc nutrition, particularly in population groups that are routinely supplemented with iron (16, 221) . Both iron and zinc appear in the first transition series of the periodic table, and they share an identical outer electronic configuration with manganese, cobalt and nickel. Zinc and iron are essential for normal growth and development and are similar in amounts normally ingested.
In rodents, the capacity of the intestine to absorb iron is greatly increased by feeding a low iron diet. In iron-deficient rats and mice, the oral absorption of zinc is also greatly increased, suggesting a shared transport pathway (222) (223) (224) . Hill and Matrone (225) have proposed that ions with similar electronic configuration might compete for binding ligands that mediate their intestinal absorption and subsequent transport into the blood. Numerous studies, with only one exception (226) , have subsequently demonstrated that iron inhibits zinc absorption into plasma when aqueous solutions of the minerals are tested (227) (228) (229) (230) (231) (232) (233) (234) . Consistent with the electronic configuration hypothesis, ferrous iron produces greater inhibition of zinc uptake than ferric iron (225) .
The mechanisms of zinc and iron absorption are not completely similar. Iron absorption is restricted to the duodenum, whereas zinc is absorbed throughout the small intestine and colon (140, 223, 229 ). Zinc appears to be a less effective inhibitor of iron absorption than iron is of zinc absorption. Although the capacity to absorb iron is increased equally by either bleeding or by feeding a low-iron diet, the absorption of zinc is increased only in rats and mice fed low-iron diets (222) . Finally, in mice with sex-linked anemia (sla), the genetic lesion affects the absorption of iron but not zinc (235) .
In human studies, it has been observed that inorganic iron added to test solutions of zinc salts in Fe/Zn ratios of 2.25 significantly lowered zinc absorption (229, 231, 232, 234) . In contrast to rodents, human subjects with an increased capacity to absorb iron do not absorb increased amounts of zinc given as zinc chloride (234) . This observation suggests that zinc and iron probably do not interact in humans to the same extent as observed in rodents and could explain why higher Fe/Zn ratios were required to inhibit zinc absorption in the human studies (221) .
In contrast to the above results in humans, in three studies where iron was given with food, no effect on zinc absorption was observed. When oysters, providing about 54 mg "organic" zinc, were consumed with 100 mg of ferrous iron, plasma uptake of zinc was not altered (231) . When turkey meat containing 4 mg of zinc was consumed with either 17 mg or 34 mg of ferric iron, zinc absorption was unchanged (234) . Finally, when ferrous iron at a Fe/Zn ratio of 25 was added to a composite meal containing 2.6 mg of zinc, the absorption of zinc was not significantly changed (229) .
It appears, therefore, that under usual conditions human zinc absorption is determined largely by the nature and extent of zinc complex formation with food in the intestinal tract, and normally the influence of iron on zinc absorption may not be significant. Under unusual circumstances, however, if large iron supplements are ingested in the absence of food, it is likely that iron could impair zinc absorption. A number of clinical studies support this point (16) . For one, the study of Prasad et al. (175) followed four human volunteers for several months on a semisynthetic soy protein-based zinc-deficient diet containing 3.5 mg of zinc per day. The fall in plasma zinc was more pronounced in the first two subjects who received 130 mg of iron per day (Fe/Zn ratio of 37: 1), in comparison to the other two who received 20.3 mg of iron per day (Fe/Zn ratio of 8:1). These results suggested that the iron excess enhanced the zinc deficiency.
A second study measured growth rates of healthy middle-class white infants receiving zinc, 1.8 mg/I cow's milk formula, vs those receiving zinc, 5.8 mg/I, plus iron, 12 mg/I. The results suggested that more zinc was required in the presence of iron for achieving optimal growth in the infants (16) . However, in another study of healthy infants who were zinc sufficient, iron supplementation (up to 30 mg/day) did not appear to affect zinc nutriture (236) . This observation needs further confirmation.
In healthy nonpregnant women, a ratio of iron to zinc increasing from 0.1 to 3.1 given in aqueous solution (zinc kept constant at 25 mg) caused a progressive decrease in the plasma response to the ingested zinc (231) . In pregnant women, zinc absorption is decreased by oral iron supplements (167, 237) . Hambidge et al. (167) reported an inverse relationship between the level of daily iron supplement and the plasma zinc level in the first and third trimester of pregnancy. CampbellBrown et al. (238) also observed that three women who supplemented 100 mg or more of iron daily had the lowest plasma zinc levels in comparison to other pregnant women who supplemented less iron daily. Breskin et al. (239) showed that prenatal supplements of 30 mg or more iron were associated with significantly lower plasma zinc levels in women in comparison to those who received no iron supplement or less than 30 mg per day. In contrast to the above observations, other investigators found no effect of iron supplementation (160 mg of iron daily) on plasma zinc level in pregnant women (16) .
Iron, 300 mg administered with 25 mg of zinc, decreased the peak plasma concentration of zinc in uremic subjects (25% decrease vs 40% decrease in controls). The apparently decreased zinc absorption was associated with lower fasting plasma zinc and was exacerbated with aluminum intake (240) . Inasmuch as high aluminum intake is common in hemodialyzed patients, the above interactions are important for longterm management of these cases.
Effect ofZinc on Iron Nutriture. A recent study has shown that zinc impaired the intestinal absorption of iron in humans (241) . Mahloudji A high level of zinc supplementation may also affect iron storage. Toxic levels of zinc in the diet may shorten the life-span of red blood cells and cause anemia because of the faster iron turnover (243) . Zinc is known to interfere with iron uptake by the liver so that there is a decrease in the storage of iron as ferritin (244) . Decreased iron levels in the liver and kidneys in response to excessive zinc supplementation has been observed (188, (245) (246) (247) . Inasmuch as transferrin in plasma is known to transport both iron and zinc, the interaction of iron and zinc may be due in part to competition at the transport level.
In women supplemental zinc, 50 mg daily for 10 weeks, has been shown to alter indices of iron status. Yardick et al. (190) measured the effects of 50 Zinc lowered serum ferritin, hematocrit, and erythrocyte superoxide dismutase after 10 weeks compared to baseline. Zinc treatment increased serum zinc but had no effect on hemoglobin, ceruloplasmin, or salivary zinc. In the zinc-iron treatment group, superoxide dismutase and salivary zinc decreased. Serum ferritin and serum zinc increased significantly, but other indices did not. These data suggest that supplemental zinc at a level of 50 mg daily impairs both iron and copper status. Simultaneous iron supplementation protected iron status.
Iron absorption and distribution is altered as well by zinc deficiency. A marked increase in iron and a decrease in zinc concentration in various organs such as liver, bone, pancreas, and testes has been observed in zinc-deficient animals in comparison to pair fed controls (180, 181, 248, 249) . These changes are reversed following zinc supplementation. Absorption of iron is enhanced in animals fed zinc-deficient diets, which may explain in part the increased organ levels of iron (250) .
Health Effects of Zinc Deficiency and Excess Effects on Organ Systems
Gastrointestinal Tract. HUMAN STUDIES. Gastrointestinal effects of higher than normal levels of oral intake of zinc compounds have been described in a number of cases of accidental or self-administered exposures and in prospective studies. Some of these reports will be described in this section.
Chobanian (251) related the case of a man who accidentally ingested about 3 oz of liquid zinc chloride solution. There were local caustic effects including erosive pharyngitis and esophagitis; in addition, there was burning pain in the mouth and throat along with nausea, vomiting, and abdominal cramps. Chelation therapy was instituted and within a few days the clinical and biochemical effects of overdose were reversed. The patient was discharged after 5 days. Since the ingested material was a solution, exact dosage of zinc chloride could not be established. Burkhart et al. (252) reported the case of a 16-year-old boy who ingested approximately 50 zinc sulfate tablets (500 mg). Following ipecac-induced emesis and orogastric lavage, an abdominal radiograph performed 4 hr after ingestion still demonstrated most of the tablets within the stomach but with three pills within the colon. Whole-bowel irrigation with a polyethylene glycol savage solution administered through a nasogastric tube produced a rectal effluent that contained pills. Significantly, the patient remained asymptomatic throughout the whole bowel irrigation. Stool guaiac tests were negative, but serum chloride increased from 105 to 127 mEq/l. Follow-up radiographic assessment revealed complete clearance of the zinc tablets from the gastrointestinal tract during the next 24 hr.
Murphy (253) has also reported on a single oral dose of zinc in a 16-year-old boy who ingested 12 g of elemental zinc in an attempt to hasten healing of a minor laceration. Lethargy occurred for several days after the ingestion, accompanied by an elevated zinc concentration in whole blood. Chelation therapy promoted dramatic clinical improvement, and a fall in blood zinc levels. Gastrointestinal disturbance was not reported in this case.
In a prospective study, Henkin et al. (6) 6 weeks. Symptoms in the latter cases included headache, nausea, stomach cramps, and diarrhea. The form of the zinc salt, the sulfate per se, similar to iron sulfate, may have had a direct effect on the gastrointestinal mucosa, but exact mechanisms are unknown. Zinc gluconate and zinc acetate are reported to be less irritating to the gastrointestinal tract than other forms, but this has not been clearly confirmed (16 The overall impression of reported studies of higher than normal oral exposure to zinc compounds is that most are subject to criticism and questioning with respect to human risk. In some cases the numbers of experimental animals were exceedingly small. Furthermore the levels of exposure were far in excess of that to be expected in human situations; ferrets received 4.25 mg zinc oxide/kg/day for 3 weeks. In some cases levels of exposures (e.g., sheep study detailed below in the lung section) were not clear, since some of the sources were environmental (256) . The reported ulcerations in mice (254) exposed to zinc sulfate stands alone and is difficult to interpret in view of lack of confirming studies. It must be recognized, however, that a potential exists for gastrointestinal toxicity from accidental or intended intake of large amounts of zinc compounds.
Pancreas. NORMAL ROLE OF ZINC AND EFFECTS OF DEFICIENCY. Zinc is a required element for the normal exocrine and endocrine function of the pancreas. Its concentration in this tissue is many fold higher than that of plasma, and in some species pancreatic secretion into the gut may be an important elimination route for this metal (171, 257) . A key determinant of its accumulation in this site appears to be the level of metallothionein, the binding site for 70 to 80% of pancreatic zinc in the chick (258) . In rats 24 hr after injection of a single sc dose of zinc (20 mg Zn/kg as ZnSO4), levels of the metal and of metallothionein and its mRNA were higher in the pancreas than in liver and kidney (259) . The increased expression of this protein occurred in both endocrine and exocrine cells of this organ (260) .
In the pancreas zinc is found in highest concentrations within the secretary granules of islet ,8-cells, a distribution pattern similar to that of numerous secretory cells and neurons (110) . Zinc in these granules and vesicles is believed to facilitate the stabilization of the structure of intravesicular proteins. In the case of insulin, the crystalline precipitate contains two zinc atoms within the hexameric structure, bound to histidines in each monomer, with an additional 10 to 12 zinc atoms more loosely associated with the complex. Removal of zinc from these sites by certain zinc-chelating agents may explain their ability to cause diabetes. Model studies with liposomes indicate that the chelation of zinc produces acidification of intravesicular contents and solubilization of insulin (261) . These phenomena lead to an increase in vesicular osmotic pressure that results in Volume 102, Supplement2, June 1994 rupture of vesicles, loss of insulin, and possible damage to P-cells.
The glucose-stimulated secretion of insulin is markedly decreased from in vitro perfused pancreas of rats fed a zinc-deficient diet; the degree of inhibition appeared to increase with a greater degree of zinc deficiency (1 ppm vs 5 ppm vs 30 ppm zinc in diet). The level of insulin mRNA was unchanged, leading the authors to speculate that either translation was impaired or more likely the degradation of insulin was enhanced (262) . Another possible explanation was an inhibition of insulin release; Huber and Gershoff (263) have reported a decrease in glucose-induced insulin release from pancreatic slices of zinc-deficient rats but no change in the pancreatic content of insulin. A decrease in plasma insulin levels in response to intraperitoneal injection of glucose has been observed in obese rats fed a zinc-deficient diet (<1 ppm); the degree of impairment increased over the 8 weeks of the study (264) . No change, however, was reported in lean animals of the same strain (LA/N-cp). This importance of phenotype may explain in part the fact that other investigators have found a decrease or no change in glucose tolerance tests in zinc-deficient animals.
A markedly zinc-deficient diet in rats has been shown to significantly reduce the total pancreatic content of zinc within 2 days. This loss of zinc is associated with more than a 50% decrease in the activity of y-glutamyl hydrolase in pancreatic tissue (265) . Rapid loss in activity of pancreatic carboxypeptidase, a zinc metalloenzyme, has been demonstrated under similar conditions (266) . It has been suggested that the amount of apoenzyme is diminished (267) , based on data provided by Kirchgesser et al. (268) . Studies have not been reported on whether the loss of activity results from a decrease in the synthesis of the enzyme, increased degradation or reduction in catalytic activity due to perturbation in structure or cofactor function associated with insufficient zinc. In rats the decrease in pancreatic activity of Y-glutamyl hydrolase is of physiological significance; hydrolysis of pteroylpolyglutamates in the gut lumen is decreased and therefore the absorption of monoglutamylfolate also is decreased, since the pancreas is the source of the enzyme. In man, this enzyme is associated with the intestinal brush border, is a zinc-activated protein as well, and is decreased in experimentally induced zinc deficiency in humans (269) EFFECT OF ZINC EXCESS. Changes in the structure, biochemistry and function of the pancreas have also been observed in animals and in man following increased intake of zinc under experimental conditions or inadvertent exposures. In a chronic study in mice, Aughey et al. (270) administered zinc sulfate in the drinking water (0.5 g Zn/l) for 14 months. Plasma levels of zinc increased to a plateau about 1.5-to 2-fold over controls within the first 30 days. Levels of zinc in liver, spleen and skin were unchanged. The investigators concluded that pancreatic islet cells in zinc-treated animals were hypertrophied and contained an increased number of secretary granules. Their speculation as to mechanism was an increase in pituitary release of GH and ACTH, which could also explain the hypertrophy observed in the adrenal cortex. Their conclusions are difficult to confirm from their paper based on subjective evaluation of histology with no attempt at quantitation. Furthermore, no functional consequences were found, in that insulin and glucose levels in plasma were not different from controls. Only one concentration of zinc supplementation was tested. No other literature has been found which reports histological changes in islet cells in zinc excess. Even diets containing 30,000 ppm of zinc sulfate fed for 13 weeks to mice and rats did not reportedly alter the morphology of pancreatic islets and caused no change in blood glucose levels (254) .
The more frequently reported response to marked elevation in zinc intake is an increase in the serum levels of the pancreatic enzymes, amylase and lipase, and alterations in the histology of pancreatic acinar cells. There are several studies in humans which report an increase in serum amylase. In patients with Wilson's disease treated with zinc acetate (25-50 mg elemental zinc 3 times a day chronically, or 200 mg 4 times a day for 10 days), serum levels of amylase and lipase increased with a significantly greater response in the high dose group (271) . The values were normal before the initiation of zinc therapy, increased to slightly above normal after a few weeks of therapy, and later stabilized at the high normal range after 1 year of zinc therapy. Very large doses of zinc (800 mg/day) caused even greater elevation of serum amylase and lipase. These changes, however, were not associated with symptoms suggestive of pancreatitis such as pain or diarrhea. The relevance of these findings to subjects with normal copper levels, i.e., without Wilson's disease in which copper levels are elevated, is unclear. Copper deficiency which can be induced by excess zinc is known by itself to produce pancreatic atrophy with disorganization of acini (272) .
Several case reports of excessive zinc intake in humans indicate possible effects on the pancreas. In a patient who ingested 3 oz of zinc chloride solution, serum zinc was 146 pg/dl and serum amylase and fasting blood sugar were elevated to 183 and 221 mg/dl, respectively (251) . The zinc solution had a corrosive effect on the pharynx and esophagus, and the patient experienced persistent nausea and vomiting. In another patient ingestion of 12 g (150 mg/kg) of elemental zinc over a 2-day period produced an increase in serum lipase and amylase, measured 8 days later; this patient did not experience "gastrointestinal distress" (253) . An approximately 10-fold increased intake of zinc (estimated 25 mg zinc/l TPN solution as sulfate, dose not indicated) through 26 to 60 days of total parenteral nutrition elevated serum zinc from 140 to 490 pg/dl in seven patients and increased serum amylase from the normal range of 130 to 310 to peaks of 557 to 1850 Klein units; reportedly, none of these patients exhibited clinical signs of pancreatitis. It should be noted that all of these patients had preexisting gastrointestinal abnormalities which necessitated TPN (10) .
Studies of the effect of excessive zinc exposure on exocrine function of the pancreas have been carried out in several animal models. More detailed mechanistic studies have been carried out in avian than mammalian species. In the chick, a 7-fold increment in the zinc content of a purified diet to 500 mg/kg (500 ppm), added as zinc oxide, resulted in an increase in plasma and pancreatic zinc, to about 2 and 10 times that of control, respectively (258) . After 9 days, the pancreas appeared firmer and paler with changes in acinar structure, decreased zymogen granule density, some evidence of "periacinar fibrotic infiltration," and no change in islet cells (258) . The plasma amylase activity rose precipitously in the first day and then dropped to a level which remained above normal. The time-course of this drop reflected a substantial decrease in pancreatic content of amylase to 20% of control on day 2. Studies with radiolabeled leucine indicated that this decline was associated with a significant decrease in the rate of synthesis of amylase in the pancreas. Amylase levels in the duodenal lumen were decreased, which was of functional significance as indicated by the decreased breakdown of starch in the large intestinal Environmental Health Perspectives contents (273) . Similar dose-response curves were observed for decreases in pancreatic trypsinogen, chymotrypsinogen, and lipase with detectable effects at the lowest dose tested, 100 mg/kg. In contrast, either no change or an increase was observed in pancreatic content of procarboxypeptidase A and B and RNase. The authors noted that only the latter are zinccontaining enzymes, and that zinc may differentially influence various steps of gene expression for these proteins (258) .
With respect to the environmental significance of these zinc exposures, it is critical to note that in chicks fed a purified diet (based on corn and soybean meal) decreases in the three pancreatic enzymes tested were observed only with the highest dose, 2000 mg/kg. The level of effect was about equivalent to that of the 100 mg/kg zinc dose administered in a purified diet (273) . Zinc is therefore about 20-fold less potent in altering pancreatic enzymes when administered in a nonpurified diet and must be fed in extremely high doses. The basis for this difference is not known, but it illustrates the important influence of dietary compostion on dose-response relationships for this metal.
More extensive studies on histological changes in the pancreas following zinc exposure have recently been reported by Kazacos and Van Vleet (274) . Their experiments entailed feeding 2500 ppm zinc (as ZnSO4.H20) to male ducklings from 1 to 56 days of age. This level of zinc reduced food intake, so a control group on a restricted diet was included. Histological analysis was carried out every 2 to 7 days. Altered acinar cell structure was evident after 3 days of zinc supplementation. The major early change appeared to be the development of cytoplasmic vacuoles containing zymogenlike material, altered mitochondria, intracisternal sequestration of rough endoplasmic reticulum, autophagocytosis, and apoptosis as the major form of acinar cell death. With time, atrophy of the pancreas occurred primarily because of decreased number and size of acinar cells. Ductlike structures appeared which the authors suggested may develop from "atrophic, dedifferentiated" acinar cells. Several hypotheses as to the mechanism of this effect were presented including zinc-induced copper deficiency, and excessive pancreatic stimulation through zinc-induced cholecystokinin or glucocorticoid release, all of which have been observed to produce similar histological changes in the pancreas.
The histological changes observed in the pancreas of avian species following excess zinc exposure have been observed in mammals as well. In mice and rats changes in acinar cells of the pancreas were only found after 13 weeks of feeding diets supplemented with 30,000 ppm of ZnSO4 (25) . The report implies but does not explicity state that the 10-and 100-fold lower levels of zinc supplementation did not alter pancreatic morphology. At the highest dose (30,000 ppm), the changes included degeneration and necrosis of acinar cells, ductlike metaplasia and in rats interstitial fibrosis. There were no reports of physiological changes associated with this effect, i.e., no diarrhea, and no reference to islet cell abnormality. At the highest dose blood glucose levels were decreased in mice but not in rats. At this high-dose food intake was also decreased in all groups; the magnitude and time dependence was species and sex dependent. Body weight was decreased in males of both species and in female mice. There were no food-deprived controls in this study. The basal content of zinc in the diet, a pulverized chow, was not reported. The daily intake of this highest dose was about 2-fold higher in mice than in rats, consistent with the degree of effect, and about equivalent to 3.9 and 1.5 g Zn/kg/day, respectively. These doses are more than a 100-fold higher than the usual intake of zinc from a normal natural product diet.
In a very limited study in sheep (256), high doses of zinc sulfate, 2 g zinc/day for 13 days by intubation in solution or 0.8 g zinc/day for 12 days incorporated into the diet (2000 ppm), produced more than a 10-fold increase in the pancreatic content of zinc. On gross inspection the pancreas was altered in color. Histology revealed changes in acinar cell structure including decrease in basophilia, vacuolization of the cytoplasm, some necrosis, as well as evidence of neutrophil infiltration and interstitial fibrosis. Atrophy and necrosis of pancreatic acinar tissue was also observed following high doses of zinc fed to veal calves (706 pg/g milk replacer) for (279) It should be noted that levels of another serum enzyme, alkaline phosphatase, also change with zinc status, decreasing in zinc deficiency and increasing with zinc* replenishment or excess in both human and animal studies (3, 175, 187, 280) . A decrease in the activity of serum alkaline phosphatase with the induction of zinc deficiency and its reversibility to normal levels following zinc supplementation have been observed in otherwise normal human subjects (175) . In zinc-deficient subjects reported from the Middle East (3), serum alkaline phosphatase was observed to increase severalfold following supplementation with zinc. A consensus sequence for the transcription factor Spl, which contains several zinc fingers, has been found in the promoter region of the gene coding for the intestinal form of serum alkaline phosphatase (281) . It is thus possible that the promoter region of other alkaline phosphatase isoenzymes also contains a sequence or metal-responsive element similar to genes of other metalloproteins such as metallothionein (282) . It is, therefore, probable that zinc induction of serum alkaline phosphatase is a continuum in that zinc deficiency produces below normal values, whereas zinc supplementation produces higher than normal levels. The major organ source, characterization of the isozymes affected by zinc status, and the mechanism of this effect have, however, not been determined.
In summary, zinc is required for normal function of the pancreas, in part through its critical role in enzymes like 7-glutamyl hydrolase and carboxypeptidase, and also in the stabilization of insulin. Studies in experimental animals indicate that zinc ingesVolume 102, Supplement 2, June 1994 tion of a 100-to a 1000-fold above normal may produce degenerative abnormalities in acinar cells with release of pancreatic enzymes into plasma. Clinical case reports following overdoses also suggest that marked increases in zinc intake may elevate plasma amylase and lipase. The mechanisms of these effects have not been definitively established.
Liver. There is limited reference to altered structure or function of the liver in the literature on zinc deficiency and zinc excess. Studies in mice and rats fed diets supplemented with 30,000 ppm zinc sulfate (more than a 1000-fold in excess of the normal dietary intake) did not reveal changes in the histology of the liver or changes in the liver weight to body weight ratio after 13 weeks (254) . Plasma GOT and GPT were not increased, indicating that zinc did not produce plasma membrane damage in the liver. In a study with chicks fed zinc oxide (500 or 1000 mg/kg purified diet containing a basal zinc level of 70 mg/kg), no significant change in PGPT was found after 14 days; PGOT was significantly elevated in a dose-dependent manner with a 33.3% elevation at the highest dose which the authors considered of doubtful physiological significance (273) .
Limited study has been conducted on effects of zinc on the activity of intracellular hepatic enzymes. Zinc deficiency in rats impairs the biotransformation of certain pharmacologic agents (283) . In a clinical study a significant correlation was observed between the degree of zinc deficiency (as assessed by leukocyte zinc content) and reduction of the total plasma clearance of antipyrine in subjects with hepatic cirrhosis (284 (288, 289) .
Limited studies have also suggested that zinc status influences the hepatic activity of glutathione S-transferases. Zinc deficiency in rats is reported to decrease the activity of this enzyme system in the liver (290) . A single dose of zinc in mice (30 mg/kg sc, as ZnSO4) was reported to significantly increase the hepatic activity 5 hr later (291) . No change in glutathione levels were observed. Parenthetically, Seagrave et al. (292) have shown that in vitro exposure to 100 pM zinc chloride in certain cells such as the Chinese hamster ovary (CHO) cell line increases glutathione levels and possibly increases glutathione S-transferase activity. The authors speculate that these reponses may play a role in the ability of zinc to protect against the cytotoxic effect of the alkylating agent melphalan in certain cell lines. In none of these studies have the individual isozymes of glutathione S-transferase been examined.
Administration of zinc in animal models has also been shown to increase the synthesis of metallothionein in the liver. In rats, for example, a single ip injection of a high dose of zinc chloride (10 mg Zn/kg) produced about a 5-fold increase in metallothionein concentration in the liver within 24 hr (293).
In 13 subjects treated with 600 mg zinc sulfate per day for 18 weeks, no significant changes were observed in liver-function tests measured every 6 weeks; the nature of the tests was not specified in the publication (294) .
In summary, animal and clinical studies indicate that increased intake of zinc, even in extremely high doses, is not likely to be hepatotoxic. Data on the effect of increased zinc exposure on the activity of enzyme systems such as the cytochrome P450s are conflicting and require further investigation.
Kidney. As with the liver, there is limited reference to the kidney in the literature on zinc deficiency and zinc excess. Zinc status is known to influence the expression of metallothionein in the kidney (293) . Studies of this phenomenon have dealt primarily with the role of zinc status on the mechanism and magnitude of renal injury from cadmium. In the clinical study referred to above (294) , in which subjects received 600 mg zinc sulfate per day, urinalyses were carried out and the authors only imply that no abnormalities were observed.
Studies in animals have been limited. A small study using ferrets indicated that a diet containing 18-fold higher levels of zinc than normal (500 ppm, added as zinc oxide to "tinned dog food") fed for 48 to 191 days to three animals produced no changes in renal histology, serum urea nitrogen, or urinalysis (Boehringer-Mannheim Combur eight test strips) (255) . Higher levels of supplementation in seven animals (54-and 108-fold above normal) produced evidence of "diffuse nephrosis" (evidence not provided) and abnormalities in urinalyses. The ferrets had marked anorexia, decrease in body weight, and pronounced anemia with significant intestinal hemorrhages. In three sheep, 2 g of zinc per day for 13 days (as zinc sulfate intubated in drinking water) produced a 16-fold increase in kidney zinc but no change in renal histology (256) . In two sheep fed 0.8 g per day for 12 days and then 1.2 g for 44 or 72 days (about 2000 ppm zinc), renal zinc increased 14-fold and a variety of abnormalites were observed. In mice fed 30,000 ppm zinc for 13 weeks, "regressive changes of the renal cortex" and an increase in kidney weight was observed in females (254) . No changes in renal histology were observed in male mice or male or female rats treated with these levels of zinc or in animals fed one-tenth or onehundredth these amounts. Blood urea nitrogen was unaltered in all groups at all levels of zinc.
In summary, unlike numerous nonessential metals, excess zinc exposure appears not to cause significant nephrotoxicity except with extremely high doses A second prospective study examined the effect of zinc (30 mg/day of ZnSO4 orally for 4 days followed by 600 mg/day for 4 days more) on plasma renin actvity, serum aldosterone, and diastolic and systolic blood pressure in normal subjects (297) . Zinc treatment produced a dose-dependent rise in plasma renin and aldosterone but no significant changes in blood pressure, or plasma and urinary sodium and potassium. No tests of cardiac performance were included in this study. The data from this study are compromised because there were no placebo controls and only six subjects.
In a retrospective study from Dunedin, New Zealand of 69 noninstitutionalized elderly subjects taking zinc supplements for at least 1 year (20 to 150 mg/day), there was no evidence that increased zinc intake was associated with changes in the electrocardiogram or frequency of cardiovascular disease based on questionnaire responses (heart failure, heart attack, angina, claudication, hypertension, medication use) (295) . Among the deficiencies of this study are a lack of verfication of reported zinc supplementation, lack of information on dietary zinc content, concomitant intake of vitamins not matched in controls, and lack of data on other cardiovascular risk factors such as level of exercise.
Analysis of data from the National Health and Nutrition Examination Survey II (NHANES II) has indicated that serum zinc is inversely correlated with diastolic and systolic blood pressure in both men and women (298) . This 
A study with the isolated rat heart preparation indicates several effects of zinc, administered in the perfusate as the histidine complex (301) . Decreases in cardiac rate, contractile force, and peak systolic pressure were observed; for each of these effects there was a significant dependence on zinc concentration (12.5 pM in 2-fold increments to 400 pM). Inspection of the data suggests that for each of these end points the maximum effect was achieved with 100 pM zinc. Coronary flow was unaltered. Negative inotropy and chronotropy have been reported by other investigators using isolated cardiac preparations exposed to 1 to 5000 pM zinc (302, 303) . In the study by Powell et al. (301) zinc was also found to protect the heart during regional ischemia as indicated by a decrease in ventricular fibrillation during reperfusion and a decrease in release of lactic dehydrogenase. The authors argue, not too convincingly, that the antiarrythmic effect of zinc cannot be fully explained by the negative inotropy and chronotropy (which decreases myocardial oxygen demand and therefore the degree of injury during coronary occlusion) and suggest that zinc may inhibit free radical formation during ischemia. They noted the work of others, indicating that zinc protects against catecholamine-induced cardiotoxicity (304, 305 High levels of zinc ingestion by rats are associated with an increase in serum cholesterol (195) . Most studies suggest that this effect is due to copper deficiency which may be induced by excess zinc intake (308, 313) .
Alterations in serum lipids with increased oral intake of zinc in humans have been reported, but the results are not consistent. Black from the study. Plasma zinc increased significantly in both groups, as expected, with a greater rise in females. Plasma total and HDL cholesterol remained unchanged in both sexes. In females the mean LDL cholesterol decreased significantly (9%), thus decreasing a major risk factor for cardiovascular heart disease. There was a trend for total HDL cholesterol to be redistributed in that HDL2 increased and HDL3 fell slightly in the females. Zinc supplementation altered copper status in females, but not in males, as described earlier in this text. Inasmuch as the females were lighter than the males but received the same dose of zinc, a dose-response effect rather than a sex difference could not be ruled out.
In a study with even higher doses, 300 mg zinc per day for 6 weeks in 11 healthy men, an increase in LDL cholesterol and a decrease in HDL cholesterol were observed, although triglyceride and total cholesterol concentrations did not vary significantly (12) ; this study lacked a placebo control.
Laitinen et al. (316) studied the association between serum lipids (total cholesterol, LDL cholesterol, HDL cholesterol, and triglycerides) and levels of serum zinc, serum copper, and their ratio in 3373 subjects (3-, 6-, 9-, 12-, 15-, and 18-year-old Finnish girls and boys). Serum zinc was positively related to total cholesterol, HDL cholesterol, and LDL cholesterol, whereas serum copper related negatively to HDL cholesterol. The results of this study, however, suggested only a weak relationship between serum lipids and serum levels of zinc and copper.
Shah et al. (317) conducted a controlled study in order to evaluate the effect of zinc supplementation on serum lipids in patients with ischemic heart disease. Ten stabilized patients were given 200 mg of zinc sulfate orally three times a day for 1 month. Ten other subjects received placebo. The zinc-supplemented group showed a significant decrease in serum cholesterol P-lipoproteins, a significant increase in a-lipoproteins, and no change in triglycerides. Control subjects on placebo showed no significant changes in any of the above parameters. Inasmuch as serum ax-lipoproteins have a protective effect against atherosclerosis and serum lP-lipoproteins denote a risk factor for cardiovascular heart disease, these studies show a beneficial effect of zinc supplementation in patients with ischemic heart disease.
Goodwin et al. (318) investigated the relationship between zinc intake, physical activity, and blood levels of HDL cholesterol in a healthy elderly population. These investigators observed that physical activity was positively associated with HDL cholesterol only for those subjects who were not taking supplemental zinc. In those subjects who were taking supplemental zinc (29.1 ± 11.8 mg/day), the effect of exercise on HDL cholesterol was not observed. The same group of investigators completed an experimental trial of zinc supplementation (50 mg of zinc/day for 8 weeks) in young trained runners and found no change in HDL cholesterol. It is not clear as to why there is a difference between the elderly and the younger subjects. It should also be pointed out that although a significant interaction between zinc intake and physical activity with respect to the effects upon HDL cholesterol was observed by using multiple regression analysis, the level of correlation was low, and it is not clear if these effects are physiologically relevant to the development of cardiovascular disease.
Brewer et al. (319) have recently reported the effect of zinc administration (50 mg of elemental zinc as acetate three times per day) on lipid profiles in 24 subjects (11 females and 13 males) with Wilson's disease. In male patients receiving zinc for an average of almost 2 years, both total cholesterol level and HDL cholesterol were significantly reduced by zinc. The reduction in HDL cholesterol was proportionally a little greater than total cholesterol, resulting in a slight increase in average cholesterol to HDL cholesterol ratio from 3.9 to 4.6. This change was, however, not significant statistically. In females, this ratio changed from 4.36 to 3.83 following zinc treatment for almost 2 years. As interpreted by the authors (based primarily on the Framingham cardiovascular studies), a ratio of total cholesterol to HDL cholesterol of 5.0 will give a coronary heart disease risk factor of 1.0, i.e., an average risk for developing coronary heart disease within 4 years. Thus, the coronary heart disease risk factor was not changed significantly by zinc therapy in either sex and, further, it remained below average in these patients after zinc therapy for almost 2 years. The authors have concluded that zinc therapy in Wilson's disease is not atherogenic (319) .
In the Dunedin, New Zealand, study (referred to earlier) elderly subjects who consumed zinc supplements (20 (295) . Thus, none of the indices examined provided any association of increased risk of developing cardiovascular disease in participants who regularly took zinc supplements. Kok et al. (320) performed a case-control analysis of data obtained in a Dutch prospective follow-up study in order to investigate the association of serum copper and zinc with mortality from cancer and cardiovascular disease. Cancer (n = 64) and cardiovascular disease (n = 62) deaths and their matched controls were taken from a cohort of 10,532 persons examined during 1975 to 1978. Trace elements were assayed in baseline serum samples which had been stored during the 6 to 9 years of follow up. The adjusted risk of death from cancer and cardiovascular disease was 4 times higher for subjects in the highest serum copper quintile (serum copper >143 mg/dl) compared with those with normal levels. An excess mortality was also observed in subjects with low copper status, suggesting a Ushaped relationship. A protective effect of high zinc status on the risk of cancer and cardiovascular disease was compatible with their data (320). The zinc content of brain tissue is about 13 to 17 pg/g of tissue water. The zinc content of gray matter on a dry weight basis is about 2.5 times the level in white matter because of the high fat content of white matter. The zinc content of gray matter from all regions of the brain is about 50 to 80 pg/g with slightly higher levels in the hippocampus. In the brain, in addition to its general functions as an 'essential component of more than 50 functionally diverse metalloenzymes, and in the structure of macromolecules including DNA and RNA, zinc appears involved in neurotransmission, the formation of microtubules, and is bound to hormones such as insulin and 7-S-nerve growth factor. Intracellular zinc content is maintained within a fairly narrow range in spite of increases or decreases in extracellular zinc. The mechanism of zinc uptake by brain is incompletely understood. Ultrafilterable zinc in plasma rapidly enters the cerebrospinal fluid where its concentration is similar to that of plasma (10 pg/l). Under Environmental Health Perspectives usual conditions zinc in spinal fluid is slowly taken up by brain cells against a concentration gradient and bound to proteins in the subcellular fractions. In rats the half-time for whole brain zinc turnover is about 22 days, and the zinc content of most brain regions is little affected by zinc deficiency (321, 322) . Exceptions are seen in the hippocampal neuropil, a region where zinc is concentrated in mossy fiber boutons and olfactory bulbs (322) . In liver disease, a condition that can cause substantial losses of zinc (323) , decrements in brain zinc may be substantial.
Certain neurons "sequester histochemically reactive zinc in their axonal boutons" (110) . For example, granular cells of the hippocampus are considered "zinc neurons" because their stimulation by implanted electrodes causes zinc to accumulate in regions they innervate. This accumulation of zinc is greater in older rats than young rats with incompletely developed mossy fiber systems. In addition, mossy fiber boutons have lower stainable zinc after electrophysiological activity. The release of zinc from mossy fiber boutons appears to occur by exocytosis of zinc-rich vesicles. Mapping studies suggest that "virtually all of the major zinc-containing systems of the brain are of limbic or cerebrocortical origin." Zinc neurons have also been identified in the thalamus, brain stem and spinal cord. Though no neuroactive substance has been identified uniquely in association with zinc-containing neurons, studies of receptors suggest that zinccontaining neurons are a subclass of glutamate-aspartate neurons (110) .
The functions of zinc in nerve terminals are unclear (110) . One putative function is stabilization of secretary macromolecules. Its stabilization of the hormones insulin, 7-S-nerve growth factor, histamine-heparin, and thymulin is consistent with such a function. Another proposed function is modulation of synaptic receptors. Research on this hypothesis has produced mixed results. Zinc-deficient rats displayed lower hippocampal electrophysiological responses to stimuli (324) . In vitro studies found inhibition of the uptake of amino acid neurotransmitters and increased uptake of monoamines by brain tissue. Low (10 pM or less) and high (100 pM or more) concentrations of zinc inhibited receptor binding of certain amino acids. In other studies the activity of glutamate decarboxylase was inhibited by zinc, resulting in a decrease in GABA.
IMPORTANCE OF ZINC TO BRAIN DEVEL-OPMENT AND FUNCTION: ANIMAL STUDIES.
The essentiality of zinc for growth of rats was described in the mid 1930s (325) (326) (327) . In vivo evidence of the essentiality of zinc for maturation of the brain was provided by studies in chicks (328, 329) and rats (330, 331) , which demonstrated a variety of malformations in brains of offspring that had been deprived of zinc early in gestation. Inhibition of DNA synthesis in neural crest cells is believed to be one of the causes of the malformations (332) . In humans some studies have shown an association between low maternal plasma zinc in early gestation and neural tube defects in infants (333) .
Further evidence of the essentiality of zinc for development of the brain was found through studies of zinc-deprived suckling rats. Incorporation of thymidine into DNA was suppressed in 10-day-old sucklings (334) . Histologic examination of the cerebellum on the 21st postnatal day found retarded maturation (335) and impaired division and migration of external granular cell neurons (336, 337) . In addition the arborization of Purkinje, stellate and basket cell dendrites was decreased and morphologically grossly abnormal; the number of boutons was decreased and their shapes were strikingly abnormal (336, 337) . Presumably similar abnormalities occur in other regions of the brain when zinc is deficient during the critical time of maturation.
The long-term functional significance of zinc deficiency in the fetus and neonate was studied in rats deprived of zinc during late gestation and/or suckling. Severe maternal zinc deprivation (<1 ppm Zn in the diet) from days 14 through 20 of gestation caused stunting and a decrease in brain cell number in fetuses (338) . Active avoidance of shock was impaired in nutritionally rehabilitated male offspring while littermate females performed as well as the controls (339) . When compared to controls, rehabilitated offspring also showed an increased aggressive response to shock that was most evident in females (340, 341) .
Severe maternal zinc deprivation throughout nursing impaired growth of suckling pups and subsequently increased errors by nutritionally rehabilitated offspring on a relatively simple maze (342) . Food motivation of previously zinc-deprived offspring was increased compared to ad libitum controls, but was less than that of food-restricted controls (343 18, 19, 20 , and 21 of nursing, was also impaired (344) .
Adult nutritionally rehabilitated offspring also displayed impaired working memory of a 17-arm radial maze (345) .
Experiments in mildly zinc-deprived dams fed 10 ppm Zn throughout pregnancy and lactation, a level of intake that did rot appear to impair pregnancy or lactation and had only a small effect on growth of pups, found deficits in working memory of a 17-arm radial maze when the offspring had been nutritionally rehabilitated and were 300 days of age (346) . These findings indicate the rat brain is highly susceptible to injury from zinc deficiency during its critical period of development, and that sequelae from the injury include persistent abnormalities in behavioral function.
Severe zinc deprivation in weanling rats caused higher brain levels of catecholamines, copper and manganese than were present in pair-fed control rats (321, 322, 347) . The concentration of zinc was decreased in the olfactory bulb. Zinc deprivation caused anorexia and cyclic pattern of feeding. Food intake was inversely related to the level of plasma zinc but not to plasma amino acids, glucose, and fatty acids (348) . Brain tryptophan, tyrosine (349) , and serotonin (350) were increased compared to pair-fed control animals.
Findings in chronically zinc-deprived rats suggest that electrophysiological function is impaired. Responses recorded from the mossy fiber region of the hippocampus by electrodes were abnormal (324) . Behavioral functions were also impaired (351, 352) . Further evidence of the essentiality of zinc for hippocampal function was provided from acute zinc depletion studies in which the zinc was removed by perfusion of the hippocampus with zinc binding chelators (DDC, Na2S) (110) . Immediate transitory impairment of spatial memory function was produced. Function returned with clearance of the chelator and precipitated zinc.
Research on a small number of nonhuman primates (rhesus) has shown that severe maternal zinc deprivation (<1 ppm dietary zinc) throughout most of the third trimester caused acrodermatitis in the dam and a subsequent reduction of exploration and play in infants during weaning (353) . Later study of these animals found impaired ability to solve complex learning sets at 300 and 700 days, but not at 1000 days (354) . In other studies rhesus dams fed about 4 ppm zinc throughout gestation and lactation displayed acrodermatitis, while their infants displayed abnormal behaviors (355 In humans, evidence that zinc deficiency can impair brain function is limited. The most compelling evidence was provided by an experimental depletion study in which severe deficiency was induced by treating the subjects with large amounts of histidine, a potent chelator of zinc (1). Following massive zincuria, the subjects displayed ataxia, dysgeusia, dysosmia, nyctalopia, and disturbed mentation. Zinc repletion restored function.
Effects of mild zinc deficiency are less clear. A small study (356) of nine men who were fed about 3.5 mg zinc daily found an inverse relationship between accuracy of backward recall of digits and plasma zinc. Retention of zinc measured by balance technique was inversely related to accuracy and speed of immediate recall of verbal and visual information. These latter findings disappeared during the repletion of zinc nutriture.
Further evidence that mild zinc depletion can affect cognitive function was provided by two studies that were presented at the 1991 meeting of the American Institute of Nutrition. Fourteen men fed low zinc diets displayed evidence of impaired function (7). The men were housed under well-controlled conditions for 7 months and fed diets that provided 1, 2, 3, 4, or 10 mg Zn daily, in random order, for intervals of 35 days. Significant (p< 0.05) decreases in function were found in two sensorymotor tasks (pursuit and trials), two attention tasks (orienting and misdirection), three perceptual tasks (search, time estimate, and Sternberg), two memory tasks (shape and cube recognition), and one spatial task (maze). Abnormalities were evident at all levels of zinc deprivation, although there were no decreases in plasma or leukocyte zinc (DB Milne, personal communication, 1991) .
Supportive of the above findings were results of a study of premenopausal women, aged 19 to 40 years (357, 358 ). An 8-week randomized controlled trial of zinc treatment (30 mg daily with a vitamin-mineral mixture that was based on NRC guidelines) found that zinc-treated women (n=11) displayed increases over baseline in scores on tests of short-term recall of visual images (17.5%, p< 0.004) and word pairs (11.4%, p< 0.07), while women given vitamins and minerals alone (n = 6) showed little or no change in scores on these tests (part of the Wechsler Memory Scale No.1 and 2).
The relation of zinc nutriture to seizure disorders, senile dementia, anorexia nervosa, schizophrenia and other neurological conditions is unclear (110) . Clinical findings do not distinguish whether low levels of serum zinc or brain zinc reported are primary, or secondary to complications of the condition. Appropriately designed, randomized, controlled zinc treatment trials have not been reported.
NEUROLOGICAL FUNCTION AND EXCESS
ZINC. Clinical evidence suggests that neurological abnormalities do not typically occur in animals or humans exposed to higher than usual levels of zinc in air, water or food. For example, neurological phenomena, other than headache, are not considered a part of the zinc fume fever syndrome (359) and workers chronically exposed to zinc fumes and dust do not display characteristic neurological findings (360) . Neurological findings are not part of the typical illness of humans exposed to levels of zinc in food or drink sufficient to cause nausea, vomiting, and diarrhea (361) . Neurological abnormalities were not noted in ruminants naturally or experimentally exposed to amounts of zinc in feed sufficient to cause pancreatic degeneration (256) .
Isolated reports have raised questions about possible associations of excess zinc with development of neurological diseases. For example, Stein et al. (362) in 1987 described a statistically significant increase in the incidence of multiple sclerosis (MS) (11 cases over 10 years) in workers in a manufacturing plant where zinc was a primary raw material. However, plasma and erythrocyte zinc levels in subjects with MS did not differ from controls. Furthermore, there was no relationship between the length of employment at the site and the time of onset of symptoms. There is thus no convincing evidence that excess zinc contributes to the known role of risk factors such as genetics, sex, and geography in the etiology of this immunologically based myelin disorder of the nervous system. Animal models with CNS pathology analogous to MS are available (363) , which might be used to examine the effect of increased zinc intake on disease progression.
Unlike the clinical data, neurological effects of excess zinc have been observed in animal studies of CNS administration and in cell culture. Injection of 10 pg zinc or more into the ventricles of the brain of rats increased motor activity in a dose dependent manner; activity of ATPase was reduced in the hippocampus (364) . Other investigators found that motor activity caused by intraventricular injection of 0.3 pmole zinc could be prevented by administration of 0.4 pmole GABA acid (365) . The phenomenon was associated with lower activity of glutamic acid decarboxylase in hippocampus, but not in other brain regions that were assayed. A recent study, consistent with these observations, has demonstrated allosteric inhibition of the GABA response of voltage clamp spinal cord neurons by 10 to 100 EM zinc (102) .
When zinc wires were placed in brain, degenerative changes occurred in proximitry to the wire. The inflammatory response included astrocytic scarring, lymphocyte cuffing of capillaries and demyelination (366) . In addition, mitochondria were enlarged, and swollen and cytoskeletal changes were found in neurons. Abnormalities also included loss of neurotubules, the formation of structures that were morphologically similar to zinctubulin aggregates, accumulation of lipofuscin inclusion bodies, and other degenerative changes. Exposure to platinum, nickel, cobalt, or magnesium did not produce such changes.
Studies in tissue culture also indicate that high concentrations of extracellular zinc are neurotoxic. Exposure to 250 pM zinc overnight caused death of cortical neurons (367, 368) . In contrast, 100 and 200 pM caused minimal injury. Yokoyama et al. (367) speculated that these findings are significant for human and animal health because concentrations of zinc released during neurotransmission are believed to reach 250 pM at least temporarily. The validity of this speculation is unclear. In their experiments exposures to high levels of zinc were prolonged. In vivo zinc is presumably retrieved by neurons from the extracellular space, and that not retrieved is soon diluted by the extracellular fluid.
Duncan et al. (369) have also demonstrated the toxicity of zinc chloride (100 pM) to cultured cerebellar granule and ventral mesencephalic cells (with sparing of astrocytes). Their study was designed to identify neurotoxins in cycad-derived flours, a putative environmental factor in the etiology of amyotrophic lateral sclerosis parkinsonism dementia. These investigators provide evidence of high zinc content in traditionally prepared flours (possibly from soaking of seed in galvanized containers) and data to suggest that the zinc was the causative factor for in vitro neurotoxicity of extracts from these flours. No in vivo studies were performed to test whether oral intake of these flours would produce neurological effects. Based on the zinc content, the authors speculated that consumption of zinc would in-crease to 100-fold the daily requirement. Other studies described in this report with zinc supplements of this level in animal models (e.g., 100 ppm dietary zinc for 100 g rat consuming 20 g diet) have not revealed neurological effects.
SUMMARY. Zinc is essential for ontogeny of the brain and for brain function. Among its normal roles are participation in neurotransmission of mossy fiber neurons of the hippocampus. Zinc deficiency impairs development of the brain and has been shown to cause long-term behavioral sequelae in rats. In humans as well, severe zinc deficiency causes abnormalities in neurophysiological function. Recent Acute exposure to high concentrations of zinc chloride or zinc oxide, e.g., 600 mg/m3 for 5 hr, results in "metal fume fever," a well-recognized syndrome which results from inhaling the compound, largely zinc chloride, contained in smoke bombs (373) (374) (375) . The common army smoke bomb contains a mixture of zinc oxide or zinc chloride/hexachloroethane and small quantities of calcium silicide and potassium nitrate (376) . This type of exposure results from release of zinc oxide or zinc chloride and hexachloroethane in closed spaces or where little ventilation is available. The resulting irritation to the lungs, often referred to as smoke bomb pneumonitis (377) , is readily reversible except under extreme conditions of exposure. The reaction between zinc oxide and hexachloroethane, in the presence of other agents, produces zinc chloride particles small enough to reach the deeper airways of the lung. Zinc chloride is relatively caustic when in contact with moist areas of the body, particularly the deeper recesses of the lung (371) , which further enhances the toxic effects of these compounds.
Typically, the syndrome of metal fume fever begins 4 to 12 hr after the initiating exposure (373) . The response is manifested initially by a metallic taste in the mouth, accompanied by dryness and irritation of the throat. The attacks have been described as a flulike illness accompanied by shaking chills, muscle and joint aches, weakness, sweating, and a high fever (374) . Coughing, fatigue, and shortness of breath may be present and the entire process, when uncomplicated, runs its course in 24 to 48 hr (375) .
Respiratory tract irritation occurs in both human and experimental animals following exposure to zinc oxide or zinc chloride. Experimental studies have demonstrated effects of exposure to inhaled zinc oxide/hexachloroethane (11,580 mg/min/m3) or to intratracheally instilled zinc chloride (2.5 mg/kg body wt). Most laboratory animals and humans exhibited pulmonary congestion, peribronchial leukocytic infiltration, respiratory distress and pneumonitis (370, 371, 378) .
Evans (376) reported on casualties following exposure to smoke bombs in 1945. During World War II on the Island of Malta, smoke generators stored near the entrance to Corradino tunnel were ignited, and the smoke generated filled the tunnel in a short time. Over 100 people were in the tunnel at the time, and most of them were exposed to high levels of the zinc chloride generated by the smoke bombs. Ten of the 34 treated patients died. This is an extreme case in which individuals were exposed to an unusually large amount of zinc compound in a closed space. It was estimated that exposure was about 0.2 lb/cubic yard near the generators. While as noted this was a most unusual case, it illustrates the potential for significant numbers of people to be exposed to the adverse effects of zinc oxide and zinc chloride in combination with other compounds and under unusual conditions.
Most reports in the literature describe metal fume fever in individual cases where the clinical history of the exposure and its sequelae may be of interest. Pare and Sandler (377) described the case of a soldier who was exposed to a cannister smoke bomb for about 10 min, without a respirator. The patient had an undulating course over a period of several weeks with severe clinical symptoms including shortness of breath, high temperature, epistaxis, pain in chest and side, rales in right lung and patchy consolidation of many areas of both lungs. Within about 6 weeks the patient had effectively recovered with no residual signs of the exposure. The case described here is not unusual in its clinical course, either in individuals exposed to smoke bombs or in welders (noted below) exposed to fumes generated during the welding process (371, 377) . The salient feature, despite the rather severe symptoms, is the pneumonitis which in a large majority of exposed individuals is reversible with or without treatment.
In some cases assumed to be metal fume fever, there are additional signs and symptoms which diverge from the norm. For example, Farrell (379) described anaphylactoid reactions wherein the patient developed rales and angioedema after working in a zinc smelting plant for 12 years. Although the patient was an engineering technician and his office was separated by a considerable distance from the smelting mill, he entered the mill about once weekly. In addition, he occasionally helped in the use of a oxygen-acetylene torch to cut metal and also did limited electric welding on zinc-coated items. Thus, there was a long history of on-going exposure.
There are many reports in the literature regarding metal fume fever all of which play on a central theme with some usually modest variation on either the conditions of exposure or the parameters) examined. Brown (359) described the radiologic appearance of the chest cavity of an individual following exposure to zinc fumes in a shipyard job. There were multiple nodules in both lung fields measuring 3 to 4 mm, following a few days of exposure. Based on clinical features of headache, dyspnea, arthralgia, lymphocytosis, and the lung lesions, a diagnosis of zinc fume fever was made. After 3 days of hospitalization the symptoms had cleared, and a day later the chest fields had cleared.
Others have measured lung function and found generally minimal to moderate declines in function which returned to normal within 2 to 3 days after cessation of exposure to the metal fume. Blanc et al. (380) designed a human model of metal fume fever using volunteer welders recruited through public advertisements. The Volume 102, Supplement 2, June 1994 exposures to zinc oxide fume from welding over a 15-to 30-min period (in a specially designed 512 ft3 exposure chamber with a ventilation rate of 273 ft3/min) were designed to exceed 10 mg/m3 over 15 min. Actual exposure to zinc oxide was measured using personal sampling pumps. The mean cumulative exposure to zinc oxide for the 14 participants was reported as 2.3 ± 1.7 g min/m3 (range 0.6-5.1) for 15 to 30 min of welding. Dividing this value by the shortest (15 min) and longest (30 min) exposure times indicates a mean ex osure level ranging from 77 to 153 mg/in and a minimum exposure of 20 to 40 mg/m3. Data for individual exposures were not reported. Based on bronchioalveolar washings and measurements of lung volume, air flow, and diffusion capacity for carbon monoxide, these investigators demonstrated minimal to mild changes which were transitory and returned to normal within two days. Results of another study in which welders were exposed to fumes from zinc-coated steel indicate no effects on lung function (372) . Many additional reports in the literature confirm that, except for the most extreme exposures, zinc metal fumes produce a generally mild pulmonary response that is self-limiting.
A recent experimental study examined pulmonary function in four subjects who inhaled ultrafine zinc oxide particles for 2 hr at the current 8-hr threshold limit value (TLV, 5 mg/m3) (386) . All subjects experienced clinical symptoms of metal fume fever such as fever and chest tightness; however, no changes occurred in the 24-hr observation period in specific airway resistance, diffusion capacity of carbon monoxide, forced vital capacity, or maximal forced expiratory volume.
Nemery (381) has published an excellent, extensive review on metal toxicity and the respiratory tract, documenting that other metals, including cadmium, manganese, mercury, copper, vanadium, chromium, and nickel can also cause metal fume lung disease. The consequences of exposure to these metals are often more serious than the syndrome associated with zinc metal fume fever. For example, cadmium, chromium, and nickel are documented human carcinogens (382) (383) (384) ; manganese and mercury cause serious CNS disturbances which can be irreversible.
Studies in Experimental Animals. There are numerous reported studies on pulmonary toxicity of zinc based on animal experimentation. Since a majority of them describe similar results, only a few of the more recent and typical ones will be summarized here.
Amdur et al. (385) have examined effects in guinea pigs of zinc oxide fumes at a concentration of about 1 mg/in3 for 1 hr, a relatively low exposure. The degree of irritant response was evaluated by measuring pulmonary mechanics in unanesthetized guinea pigs, including intrapleural pressure, tidal volume and rate of flow of gas in and out of the respiratory system. The exposure produced a slight but statistically significant decrease in compliance 1-hr postexposure. In a second group of guinea pigs, observed 2 hr after exposure, there was a progressive decrease in compliance between the 1-and 2-hr periods, indicating an escalating effect with time of zinc oxide fumes on lung distensibility. There were no changes observed in tidal volume.
The most recent work by Amdurs group (386) examined pulmonary lavage fluid at 0, 4, and 24 hr after 3 hr inhalation of ultrafine zinc oxide particles by guinea pigs, rats, and rabbits. Zinc oxide concentrations were 2.5 and 5.0 mg/m3 (TLV for 8-hr exposures in the industrial setting). At both exposure levels, changes in lavage fluid from guinea pigs and rats, but not rabbits, were consistent with development of an acute inflammatory response.
Marrs et al. (387) exposed female mice, rats and guinea pigs to smoke produced by ignition of a zinc oxide/hexachloroethane pyrotechnic composition for 1 hr/day, 5 days/week at three different dose levels. Mice and rats received 100 daily exposures but guinea pigs were exposed to only 15 doses because of high mortality during early exposures. The exposure concentrations in the three species were the same and ranged from a low of 1.3 mg/m3 to a medium of 12.8 mg/m3 to a high of about 120 mg/m3 as zinc. Following exposure to the smoke, the animals were held for up to 18 months for observations. Mortality at the high dose was significant in all three species with mice sustaining the greatest losses (Table 10) . Table 11 lists results of observations, mainly histological, recorded at the end of the study. The most significant observation in mice was the increase in alveologenic carcinoma in the high dose group. Other lesions have been reported previously, and since there was no significant chronic injury reported, only lymphocytic infiltration is shown for each of the three species. There were no lung tumors in either rats or guinea pigs. Lung lesions, i.e., macrophages and other signs of chronic injury, were not remarkable and were similar to those described in other studies (388, 389) . Lymphocytic infiltration in the lung as shown in this study can be associated with age, as well as with exposure to zinc oxide smoke.
The results of the study by Marrs et al. (387) deserve further comment. First, the design and conduct of the study were excellent examples of toxicological investigations which provide reliable results in a difficult area of research. Second, despite the extensive and intensive nature of the multispecies, chronic investigation, essentially nothing new was revealed. Aside from the increased incidence of lung tumors in a susceptible strain of mice, the results were less severe than might be expected based on knowledge of human exposure and experimental animal data. The only significant observation was the increased incidence of lung tumors in the high-dose group of mice. There are a number of problems in attempting to relate zinc toxicity to the lung tumors observed as follows:
*The increase occurred only at the highdose, not in the medium or low dose. *Only one sex (female) of mouse was used. *The high dose of smoke caused a mortality of about 50%, much higher than is usual for such a study. *The alveologenic lung tumors in the mouse strain studied are not generally regarded as a reliable end point for lung cancer studies by many carcinogenesis experts because of the high incidence and variability of this type of tumor in control untreated animals. These points illustrate the question of the significance of the observed increase in tumor incidence in the treated mice and relative difficulty in interpretation of such observations. The extreme treatment, confirmed by high mortality, undoubtedly contributed to lung damage, and this effect may have contributed to an indigenous process already extant in the mouse lung. This observation cannot be used to ascribe a carcinogenic role for zinc.
Two other studies warrant mention here. One study (378) exposed rats to inhaled zinc oxide/hexachloroethane smoke (11, 580 mg/min/m3) or to intratracheally instilled zinc chloride (2.5 mg/kg/body weight). Both the smoke and the instilled zinc chloride produced similar responses including pulmonary edema, alveolitis, and, in some, a late stage fibrosis. The additional imposition of oxygen had little effect on the development or progression of the pathological changes.
Another study used sheep as the test animal, exposed either to a single bolus dose Environmental Health Perspectives of welding fume solution or to 5 weeks daily exposure by inhalation (390) . The metals in the fume from the welding electrode included by percentage: iron 14.1; manganese, 4.0; titanium, 0.56; magnesium 0.17; zinc, 0.02; copper, 0.02; and aluminum, 0.50. In the acutely exposed, sheep were anesthetized, a bronchoscope inserted into the trachea and a suspension of welding fume, 0.5 g suspended in 50 ml normal saline, was instilled into the right main bronchus. The 0.5 g was calculated from a welding fume exposure of 5 to 10 mg/m3 for 3 effective working hours, an average welder's exposure to welding fume. For the long-term exposure (25 to 33 days, 174 to 181 min per day, 31 to 51 mg/m3), sheep were exposed via tracheal tubes to welding fumes, sucked from a bench where welding was performed in a mixing chamber. Particle size, determined by an optical particle counter in combination with a particle meter and scanning electron microscopy, averaged less than 1.0 microns (range 0.5-1 0).
In both acute and chronic exposures fume metal particles accumulated, as determined histologically, and in the chronic exposure there was fibrosing pneumonitis. In the acutely exposed sheep there was accumulation of iron, magnesium and manganese in the lungs as well as elevated pulmonary arterial pressure. In the animals exposed daily for 5 weeks, there were increases in iron and, particularly, in manganese which was retained at high concentrations (40 times more than in unexposed sheep) following exposure. The concentration of zinc in the lungs of exposed sheep was about the same as the untreated controls. Metals are found in organs and tissues of welders with disease symptoms (390, 391) ; the observations in sheep correlated with those in welders with chronic diseases and suggested that accumulation and retention of manganese and iron can result in negative health effects. Zinc, however, was not implicated.
Skin. Zinc accumulates in skin, 3-to 7-fold relative to plasma (392) , and is required for normal function of this tissue. Zinc deficiency is characterized by rash, alopecia, hyperkeratosis, parakeratosis, and hypopigmentation (393) . These symptoms are observed in acrodermatitis enteropathica (AE), a hereditary hypozincemia (392) , and in dietary zinc insufficiency in humans as well as in animal models (267) . In four patients with AE, levels of zinc in the skin were about onethird to one-half normal levels (392) . The reasons for development of skin lesions from zinc deficiency are not known. As reviewed by Bettger and O'Dell (109) , in animal models the development of these lesions can be retarded by high dietary levels of antioxidants such as vitamin E. This observation and others support the concept that enhanced lipid peroxidation contributes to development of dermal symptoms.
Dermal effects of increased zinc in the skin in response to elevated plasma levels have not been examined. Thereis literature on dermal effects of topical exposure to zinc salts. Studies purporting to demonstrate enhanced wound healing following application of zinc in humans are controversial; the weight of evidence suggests that in man and animals zinc accelerates wound healing only in the zinc deficient (267, 394) .
Certain of the zinc salts have irritant properties when applied in sufficiently high concentrations (395) . For a series of zinc compounds tested in a single concentration, the degree of dermal irritation based on macroscopic observations was similar in a variety of mammals (rabbit, mouse, and guinea pig). In this study the zinc compounds in a 0.5 ml volume were applied to shaved skin on dorsal sites once a day for 5 days. Twenty-four hours after the last application, mice were administered vincristine (0.1 mg, ip) to arrest mitoses; after 4 hr the mitotic index was determined by assessment of the number of cells in mitosis per 1000 cells in the stratum germinativium and first layer of the stratum spinosum. In all species zinc chloride (1% w/v in deionized water) consistently produced irritant effects, including ulceration, acanthosis, parakeratosis, hyperkeratosis, and inflammatory responses. In mice the epidermal mitotic index was significantly elevated. Zinc acetate induced similar effects, somewhat less in magnitude, when tested at a 20-fold higher concentration than ZnCl2. Other (397, 398) . However, poor quality diet and insufficient amounts of food are not the only causes of nutritionally acquired immunodeficiency states. A number of Western diseases, including various cancers, AIDS, gastrointestinal disorders, renal disease, sickle cell anemia, and chronic alcoholism, alter the intake and assimilation of nutrients. Suboptimal zinc is also noted in all of these diseases (398) . Reduced food intake and weight loss accompany these diseases as well as heightened susceptibility to respiratory illness, sepsis and other secondary infections. All indicate that malnutrition and impaired immunity are significant factors in the morbidity of these diseases. There is little question that the effect of dietary zinc deficiency on immune function of rodents represents the best developed paradigm regarding the effects of a nutritional deficiency on host defense systems. The ubiquitous nature of zinc deficiency (398) and the high reliability of the mouse as an immunological model for humans makes these in-depth studies of substantial interest to those interested in malnutrition and its effects on immunity. Furthermore, they indicate that zinc is essential to maintaining integrity of the immune system. Information gathered to date indicate that a 30-day period of suboptimal intake of zinc in the young adult mouse, which produced a 20 to 25% weight loss, reduced the thymus to a quarter normal size and depleted the lymphocytes and macrophages in the spleen 50 to 70% (399) (400) (401) . Thymic atrophy, which is a benchmark of both zinc deficiency and protein-calorie deficiency, was also accompanied by loss in activity of thymulin, a thymic hormone dependent on zinc for function (402) . Antibody-mediated responses to both T-cell dependent and Tcell independent antigens were reduced 50 to 70% as demonstrated by several labs (399) (400) (401) . Antibody-mediated responses are key to immune defense against a variety of pathogens and tumors, thus, such reductions explain the increased incidence of disease and infection observed in zinc-deficient subjects. Delayed-type hypersensitivity skin reactions, cell-mediated responses to tumors, and the function of natural killer cells were significantly reduced in zinc-deficient mice (399, 401) . Recent work indicates, nevertheless, that the residual splenocytes of zinc-deficient mice are normally distributed. In other words, the proportion of T-cells to B-cells and subsets thereof remained normal, although the absolute number of lymphocytes declined (403) . Likewise, the functional capacity of these residual lymphocytes appeared to be normal. The ability of lymphocytes to proliferate and produce interleukins and antibody in response to mitogenic stimuli was normal. This remained the case even when care was taken to avoid possible repair of function by avoiding the high levels of zinc present in conventional culture media (404) . The overall picture which emerges suggests that much of the loss of host defense capacity created by suboptimal zinc is due to the overall loss in the total numbers of leukocytes of the peripheral immune system. The underlying mechanism for this loss in cellularity appears to involve the inability of the bone marrow to produce adequate numbers of new lymphocytes.
Since substantial characterization of effects of zinc deficiency on the rodent immune system are in place, it is appropriate to begin to compare these results with those obtained with zinc-deficient humans. Unfortunately, the data collected to date for zinc-deficient humans are diverse with regard to disease state, age, overall nutritional status, etc. Further, almost no data are available on effects of zinc deficiency on the number and types of leukocytes present in the peripheral blood of the murine system, whereas a great deal of the human immunologic data have come from studies of the blood. Nevertheless, some encouraging commonality can be found between the rodent studies and patients suffering from acrodermatitis enteropathica, a genetic defect in the assimilation of zinc (405). These patients have increased incidence of secondary infections, lymphopenia, and reduced natural killer and delayed type hypersensitivity responses. Prasad's group has noted similar changes in patients with sickle cell anemia and other subjects who were zinc deficient (398, 401) . An increase in T101-, sIg-cells, and decreases in T4+/T8+ ratio, in serum thymulin activity, and in IL-2 production by mononuclear cells were observed in an experimental human model during specific, mild zinc depletion, induced by dietary means; changes were corrected after zinc repletion (86) . A patient primarily zinc-deficient due to prolonged artificial feeding of an oral supplement containing insufficient zinc exhibited decreased delayed type hypersensitivity reaction and reduced lymphocytic response to phytohemagglutinin, a T-cell mitogen (406) . Both functions were rapidly restored by zinc repletion. Another group studying patients receiving total parenteral solutions without sufficient zinc observed lymphopenia and reduced natural killer function, but elevated monocyte activity (407) . For the most part these observations match the findings for the murine model. However, human data which conflict with the murine model can be found for the reasons already discussed (401) .
Potential Modulation ofImmune Function by Excess Zinc. As is evident from other sections of this report, the average US citizen is at far greater risk of becoming zinc deficient than experiencing adverse health effects as a result of exposure to high zinc. Further, data collected from both human and various animal models clearly indicate that the integrity of all aspects of the immune system is highly dependent on the availability of adequate levels of zinc. What effects excess zinc has on immune integrity is more problematic because exposure of subjects to high zinc is infrequent and the available literature is limited.
When considering potential effects of excess zinc on immune function, the route of exposure of the subject to this metal will control how the host defense system may be altered. For example, inhalation of zinc compounds could adversely affect the mucosa where responses of macrophages, neutrophils, mast cells and other components of the secretary immune system might be altered. Skin contact would involve phagocytic cells and the T-helperlike cells involved in delayed contact sensitivity and perhaps mast cells. Oral intake of high zinc via water or diet would have a more systemic effect that might alter circulating leukocytes and immune cells found in the primary and secondary lymph nodes. In addition, considerable variation in the observed immune defects would be expected depending on exposure duration.
In this regard, a set of related practical questions must also be addressed to properly evaluate (12) is frequently cited as evidence that zinc is toxic to the immune system. In this case, 11 adult men were given 300 mg of elemental zinc once a day for 6 weeks. This constituted pharmacological levels of zinc, being 20 times above the RDA. Because high levels of intake of zinc can cause copper deficiency (398), a major flaw in this
Environmental Health Perspectives study was the failure to monitor serum copper levels of the subjects. There is a high probability that the subjects were moderately deficient in copper with this prolonged regime of high intake of zinc. Thus were observed changes in immune function (and rising HDL levels) noted in this study due to high zinc or low copper?
The seriousness of this flaw alone precludes the usefulness of the results of this study in assessing the effect of excess zinc on immunocompetence.
A second major flaw concerns the measures of immune status, most of which were performed in vitro over a period of 2 to 4 days, using culture medium which contained normal levels of zinc. It is unclear how these responses, tested in a normal zinc environment, relate to those in the host environment with a 2-fold elevation in serum zinc. Possible metabolic or physiological aberrations resulting from elevated zinc in the host environment were obviously not mimicked in tissue culture. Thus, the cells of the immune system might have repaired or performed better in the in vitro test environment than in vivo. Mitogens mimic antigens and cause certain resting lymphocytes to become activated and proliferate. The degree of proliferation can be measured by quantitating the amounts of 3H thymidine incorporated into the DNA of the actively dividing cells. In this study one mitogen (phytohemagglutinin) at a single dosage was used as a test of lymphocyte immune function. This assessment is too restrictive; proper immunology necessitates that a dose-response curve be determined. Proliferative responses thought to be suboptimal may have been normal at different doses of mitogen. Nonetheless, a depressed proliferative response was observed 4 weeks into the study that was presumed to be due to the high level of oral zinc.
Zinc itself is a well-known mitogen when present at high levels (408) . The background response of the supplemented individuals might well have been high as a result of exposure to high zinc. If so, this would give a false negative because of the way the data were expressed. In this study, the data were reported only as a stimulation index (SI) rather than absolute counts (SI = absolute counts of stimulated cells divided by background counts of unstimulated cells). Thus, a high background in cells from zinc-treated subjects causing a lower SI would have been interpreted as a reduced mitogen-induced proliferative response when that was not really the case.
Direct addition of zinc to culture medium in this study as an additional means of looking at "zinc toxicity" simply confirmed results noted in earlier studies which showed that high levels of zinc can, in some cases, activate lymphocytes (408).
The subsequent observed influx of Ca"+ into lymphocytes, which was reported, is also a common event noted early in the activation process of these cells.
A reduction in chemotaxis and ability to engulf or phagocytose bacteria was also noted in these studies. However, these assessments were also performed in vitro so all of the aforementioned concerns about in vitro studies apply to these data as well. The absolute number of lymphocytes and proportion of T-and B-cells were not altered in these subjects. It is interesting that there was no change in this important parameter that is often greatly altered in other nutritionally related immunodeficiency diseases (396) .
The immunological data are further confounded by the fact that there were no placebo controls. Baseline assessments were made of the subjects prior to supplementation. However, the various immune assessments made are all subject to a great deal of biological variation giving different absolute values on different test days. Thus, there was no control for the experimental variation that can occur over time.
Since more than 50% of adults would find the doses of zinc used in the above study to be highly irritating to the stomach and would generally stop taking zinc, it is interesting that all 11 subjects apparently tolerated this zinc preparation. This wellknown side effect of high zinc was not discussed. Indeed, few discussions of problems associated with oral intake of truly high levels of zinc consider that stomach disorders would be an early indicator of excess zinc and would probably cause subjects to seek alternate water and food sources (61) . Zinc at 15 mg/1 produces an undesirable taste in water, so it is doubtful that its presence would go unnoticed (61) .
The elderly represent a subset of the population that may be more sensitive to the effects of certain toxic substances. A plethora of data indicates that many of the elderly (>70 years of age) may be marginally zinc deficient (397, 409) . As a result, a number of studies examined the effects of zinc supplementation on zinc status and degree of immunocompetence of the elderly. These studies are of interest because they are in conflict with the findings of Chandra (12) . In each of the studies of the elderly which will be discussed, they were supplemented for substantial periods of time with doses of zinc well above the RDA. In one case, modest improvement in immune function was noted, while in another very well-controlled study, no change was noted.
In the first study, Duchateau et al. (410) gave elderly subjects doses of zinc for 1 month which were clearly pharmacological (440 mg zinc sulfate per day). Unfortunately, there were only 15 supplemented and 15 unsupplemented subjects. Furthermore, their zinc status was not assessed at the outset of the study. Nevertheless, seven of the subjects showed some increase in responsivity to delayed type hypersensitivity antigens and immunization with tetanus toxoid after zinc supplementation. However, the latter are recall responses which are easier to rejuvenate than virgin immune responses. Nevertheless, they indicate that high dietary zinc may have some enhancement capacity for certain human populations. Whether these subjects became marginally copper deficient as a result of this regime was not determined.
Bogden's laboratory initiated more careful studies of the elderly. Degrees of mild zinc deficiency were noted in 100 elderly subjects (397) . Some 40% of these individuals gave poor delayed type hypersensitivity skin responses. Subsequently, some of these subjects were given 100 mg of zinc for 3 months (411) . These (12) .
Effects ofZinc Inhalation on Immune Defense Systems of the Lung. The small concentration of zinc routinely found in the air suggests that the average American citizen is at little risk of adverse pulmonary effects from zinc. However, inadvertent exposure to high levels of zinc either on an acute or a chronic basis in the industrial arena appears to have the potential for damaging immune defense systems in the lung. This supposition is based on literature containing less-than-desirable experimental protocols. Those at risk appear to be industrial workers, involved in welding galvanized steel or processing zinc from ore, who could become victims of metal fume fever (413) .
At the onset, it must be recognized that understanding of pulmonary immunology is quite limited. Lavage of the lung reveals the presence of extensive numbers of macrophages, some neutrophils and components of the secretary immune system vital to host defense in the mucosa. Some lymphocytes and various classes of immunoglobulin are also present in the lung. The lung is continuously exposed to a variety of air-and bloodborne agents that might trigger inflammation, activate various immune processes, or enhance the probability of infection. For example, it is known that exposure to organic dusts can induce hypersensitivity pneumonitis; so it is possible that metals such as particulate zinc may do the same. Indeed the symptoms of metal fume fever parallel those of hypersensitivity pneumonitis (413) . In the acute phase of pneumonitis, symptoms appear 4 to 6 hr after exposure and include a nonproductive cough, dyspnea, fever, chills, malaise, etc. These symptoms along with increased numbers of neutrophils and immune complexes are often noted in the lungs of patients with metal fume fever (413) . In more delayed reactions of pneumonitis, mononuclear cells, granulomas and other signs of ongoing inflammation of the lung become apparent. Wheezing, cough, respiratory rales, etc. and general malaise can accompany this phase. Thus, it is important to keep in mind that this well-known disease or inflammatory lung response and metal fume fever have the same general characteristics.
At a very early date numerous studies of fume fever noted the rise in body temperature and increased leukocytosis in the lung among welders and those involved in smelting operations (414) . One of the earliest attempts to further document immune inhalation effects of zinc oxide was an animal study conducted by Drinker and Drinker in 1928 (415) , which gave mixed results. These investigators exposed cats, rats, and rabbits in a gas cabinet to zinc oxide in concentrations ranging from 110 to 600 mg/m3 for several hours. The cats exhibited excessive lung secretions and "varying degrees" of infiltration of the lungs with neutrophils, but surprisingly, no rise in temperature was noted for the subsequent 29 hr. The lungs of rats and rabbits subjected to the same treatment appeared normal. The dichotomy in effects among these species was an early warning that there are significant species variations in responsivity to inhalation of zinc oxide. As a result, animal experimental models appropriate to humans should be selected with extreme care. In a later related study, it should be noted that guinea pigs exhibited a resistance to repeated inhalation exposure to zinc sulfate but not to zinc oxide (385) . The latter data help make the point that it would indeed be important to know if humans become more sensitive or more resistant upon repeated exposure to zinc oxide in the air.
More recent studies of fume fever in humans affirm the already well-known attributes of the phenomenon, but unfortunately they do not provide much further illumination on the condition. Vogelmeier and colleagues (416) monitored a 26-yearold individual who experienced metal fume fever as a result of welding in improper conditions. He exhibited the usual fever, sweating, and shortness of breath within a few hours of the accident with no observable signs of illness after a few days time. Six months later the investigator had him weld for 1 hr again under conditions that purposefully reexposed him to high zinc. One day later the subject was free of overt symptoms of fume fever; however, a lung lavage indicated the presence of 10 times as many leukocytes as normal. Many of the additional cells appeared to be neutrophils. Nevertheless, cell and differential counts in the lung were normal when checked 7 weeks later. It would have been helpful if additional time points had been taken to see if the neutrophils continued to rise several days after inhalation of zinc. Nevertheless, this and other studies suggest that the effects of inhalation of zinc on the lung may be transient. The 10-fold increase in cellularity of the lung upon reexposure to zinc also suggests the possibility of a heightened response upon reexposure to zinc among humans.
The most current study available regarding metal fume fever was published recently by Blanc et al. (380) . Though part of this study was well-controlled, the immunological analyses have weaknesses. Fourteen welders were placed in a special chamber and asked to weld without necessary respiratory protection for a 15-to 30-min period such that they were exposed to 2.3 g zinc oxide min/m3. Bronchial respiratory rates were measured 6 and 20 hr later. Changes in immune components of the lung were measured 8 and 22 hr later using bronchoalveolar ravages. In the 8-to 22-hr span, the cells found in the lung ravages increased 3-fold with the proportion of neutrophils increasing from 9 to 37%. No increase in the production of cytokines by infiltrating leukocytes was noted in the lung fluids. These studies reaffirm that fume fever markedly increases the neutrophils in the lung, but the duration of these increases is not known. Too much reliance was placed on commercial kits for measuring the cytokines which could initiate fever and inflammation. What controls, if any, the investigators used to test the efficacy of these kits was not provided. Functional assays of the various cytokines were not carried out and could have been informative. Further, 22 hr might have been too soon to examine lung fluids for these particular substances. Worse, these investigators apparently never tested for signs of fever in the subjects which was a major oversight. Indeed, the subjects were provided with acetaminophen to use. As a result only two subjects reportedly exhibited fever. It is not clear to what extent the low incidence of fever was a result of the subjects taking acetaminophen. This unfortunate variable introduced into the study may well have altered the investigators' ability to measure the actual degree of inflammation created by zinc oxide. Thus, the immunology regarding effects of zinc oxide on host defense systems of the lung remains wanting and in need of further experimentation.
Additional Studies ofEffects ofZinc Inhalation. In 1987, Farrell (379) demonstrated that it is also possible to develop dermal hypersensitivity responses after inhalation of high amounts of zinc in the air. A subject experienced some signs of fume fever (e.g., malaise and fever) a few hours after welding. The next day hives and itching of the face, lips, and throat were apparent. These observations suggest a delayed allergic response to zinc was in operation. Since the dermal sensitivity of some individuals to the metals found in jewelry, es-pecially earrings, watches, etc. has been recognized for some time, it may be possible that this individual had a dermal allergic response to zinc. This report is interesting only in that it documents that a hypersensitive dermal response might be expected among a small fraction of those suffering from metal fume fever. Stated another way, the types of hypersensitive states induced by exposure to high quantities of airborne zinc may vary among individuals and may not be limited to the lung.
There are also studies which document lung injury among those exposed to smoke bombs containing zinc chloride. Because of the presence of other highly toxic chemicals such as phosgene in such smoke bombs, it is not clear that all observed symptoms can be ascribed to zinc. Further, it would seem that the number of individuals at risk to such exposure today are minuscule. Nevertheless, a study by Matarese and Mathews (417) of a 20-year-old male exposed to a smoke bomb for at least 5 min in a confined area noted that he suffered acute respiratory distress. Apgar (418) found the evidence of adverse effects from zinc deficiency in human pregnancy incomplete. In contrast, evidence from animal experiments conclusively showed zinc essential for conception (419) , blastula development and implantation (420), organogenesis (328) (329) (330) , fetal growth (338, 421) , prenatal survival (330) , and parturition (422) .
An extensive 1987 review of the topic by Swanson and King (333) found associations between maternal zinc deficiency and adverse outcomes, but noted that understanding of the phenomenon was incomplete. They attributed the lack of understanding in part to the lack of a sensitive and generally available method for assessment of zinc status.
An important contribution of Swanson and King (333) was their factorial estimation of zinc requirements during pregnancy. Using published data on zinc concentrations of tissues, they estimated that an average daily retention of zinc of 1.2, 3.7, 8.1, and 11.2 pmole/day during successive quarters of pregnancy was sufficient to satisfy the added needs of pregnancy. They also estimated about 9.2 pmole (about 600 pg) was needed daily during the last half of pregnancy. This was lower than a previous estimate of 11.5 pmole (about 750 pg) daily (63) . Swanson and King (333) estimated the mean dietary requirement for zinc is 10.5 mg zinc daily at 25% bioavailability. Assuming a 15% coefficient of variation, this suggests that 13.6 mg daily will meet the needs of most normal women who consume diets from which zinc is 25% bioavailable (74) . It also indicates that 50% of women who consume 10.5 mg zinc daily are at risk of zinc deficiency, unless homeostatic adjustments increase the amount of zinc they retain. Relevant to this interpretation, Apgar (418) found published dietary zinc intakes of pregnant women were 8 to 11 mg daily in eight studies and 12 to 14 mg daily in two studies. Thus it appears the occurrence of zinc deficiency in human pregnancy is probably far greater than is currently recognized clinically.
The first comprehensive study to show an association between an index of zinc nutriture and human pregnancy outcome was published by Jameson (423, 424) . He found that low serum zinc at about the 14th week of gestation was predictive of outcome. Women with low plasma zinc were found to have a significantly increased incidence of complications of pregnancy, including teratology. Others cited by Apgar (418) and Swanson and King (333) also reported an association between low indices of maternal zinc status and malformations, including neural tube defects in babies.
Supportive of Jameson's (423) findings was a study (425) poor teenagers found zinc eliminated the need for assisted respiration in the newborn infants and reduced the incidence of premature delivery among mothers who were of normal weight (78) . Another study found that 20 mg zinc daily lowered the overall incidence of pregnancy-induced hypertension (428) . Related to these observations are Jameson's (429) findings that zinc treatment reduced the perinatal mortality in 598 women to 2, compared to 13 in 633 control women (p<0.001). In addition, delivery before 33 weeks of gestation was decreased to 2/598 as compared to 14/633 (p<0.001). Spontaneous abortions were less frequent among women who received zinc supplements before the 22nd week of gestation compared to women who were untreated before the 22nd week (p< 0.05). Consistent with the reported benefits of zinc supplements were results of an incompletely controlled study by Kynast and Saling (430) which found improved pregnancy outcome in women given zinc. In contrast a randomized controlled intervention trial from Britain was "negative" (431) .
Excess Zinc and Reproduction. Reported evidence that high intakes of zinc cause harm to the embryo and fetus is limited. Studies in hamsters found intravenous injection of 25 mg zinc sulfate/kg caused about 12% fetal resorptions and 6% malformations, including exencephaly and rib malformations (432) . In contrast, 2 mg cadmium/kg caused a nearly 60% rate of malformations which were prevented by dosing with 2 mg zinc/kg simultaneously. In contrast to the observations in animals, there is essentially no interpretable data indicating that zinc can impair human pregnancy outcome. This is probably because very high exposures to zinc are unusual in human pregnancy. The only evidence of possible harm from zinc supplements is an unpublished report from the Indian National Nutrition Institute (433) that found administration of 300 mg daily during the third trimester was associated with the occurrence of three premature births and one stillbirth, which caused the research project to be discontinued.
Summary. In animal species, zinc deficiency during gestation causes a variety of adverse effects in the fetus, including abortion, malformations and growth failure.
Evidence in humans is consistent with the animal data. Current evidence in animals suggests there is a wide range between required doses of zinc and toxic doses in pregnancy. Clear evidence of zinc toxicity in human pregnancy has not been reported.
Genotoxicity
There were no reports in the accessible literature on genotoxic effects of zinc compounds in human populations.
Zinc salts do not appear to be genotoxic when administered to animals, even at very high doses. Zinc sulfate was negative in a sex-linked lethal assay in Drosophila. This form of zinc was also negative in a mouse bone marrow micronucleus assay (434) . Other studies (435) have shown that zinc chloride induced chromosomal aberrations in bone marrow cells of calcium-deficient mice but not in normal calcium-supplemented mice. These investigators administered high doses (5000 ppm) of zinc chloride for 1 month in the diet without observable genotoxic effects in calcium-replete animals.
A single report (436) on chromosomal aberrations in mice exposed to zinc oxide by inhalation is difficult to interpret and not considered significant; the reported cytogenetic effects of inorganic and acetate compounds of tungsten, zinc, cadmium, and cobalt in animal and human somatic cells are not convincing.
The results of mutagenicity studies of zinc, based on in vitro genotoxicity tests, are mixed. In an extensive survey of metal mutagenicity, Nishioka (437) reported moderately positive recombinant-deficient (rec) effects for arsenic and cadmium, but cobalt, magnesium, nickel, lead, and zinc chloride were negative. The assay used by these investigators compared differential growth inhibition by the various chemicals in wild and recombination-deficient (rec) strains of Bacillus subtilus. In contrast to cadmium, nickel, and transplatinum (II) diaminedichloride, which significantly increased the absolute number of trifluorothymidine-resistant mutants, zinc chloride did not. The mutagenicity of the metals generally paralleled their carcinogenicity. Others have also failed to find that zinc salts are mutagenic. Marzin and Vo (438) observed that zinc sulfate in water at doses of 10 to 3000 nmole/plate, the latter the threshold toxic dose, was negative in the Salmonella typhimurium TA102 assay. Doses were in logarithmic progression up to insolubility or toxicity. Zinc chloride has been reported to be capable of disrupting or breaking chromosomes in lymphocytes (439) . However, Amacher and Paillet (440) found that zinc chloride did not induce mutations at the thymidine kinase locus in L5178Y/TK mouse lymphoma cells.
In another study of the genotoxicity of zinc in four short-term mutagenicity assays, Thompson et al. (441) observed that the result depended on the assay used to evaluate genotoxicity. Zinc acetate produced dose-related positive responses in the L5 178Y mouse lymphoma assay and in an in vitro cytogenetic assay using Chinese hamster ovary cells (CHO), but was negative in the Salmonella mutation assay and did not induce unscheduled DNA synthesis in primary cultures of rat hepatocytes. Zinc-2,4-pentanedione produced frameshift mutations in Salmonella tester strains TA1538 and TA98, but did not induce unscheduled DNA synthesis in primary cultures of rat hepatocytes.
The cytotoxicity of zinc in vitro has been examined by Borovansky and Riley (442) . These investigators tested effects of zinc acetate on three mammalian cell lines and found that growth was inhibited in all three by zinc in concentrations ranging from 0.125 to 0.15 mM Zn2+. This growth inhibition could be suppressed by either iron or calcium ions. There appears to be at least two routes of zinc entry into the cell, one of which can be blocked by iron, the other by calcium. The authors suggest that the toxic action of zinc requires entry into the cell and that zinc shares cell entry channels with iron and calcium ions.
In summary, these observations, similar to those reported by Hansen and Stern (443) , indicate that in vitro and in vivo genotoxicity test results vary widely and that the weight of evidence supports the conclusion that zinc is not genotoxic in the systems examined. However, zinc salts can be cytotoxic at high concentrations, as noted in numerous studies.
Carcinogenicity Epidemiological Studies
There are very few references in the literature relative to the risk for cancer from zinc exposure in human populations. Stocks and Davies (444) correlated cancer mortality with the zinc and copper content of soil in 12 districts of England and Wales. These investigators found higher zinc levels and higher ratios of zinc to copper in the soil of vegetable gardens near houses where a resident had died from gastric cancer compared to houses where a death had occurred from other causes. A combined study in France and Italy (445) on the role of zinc and copper in breast cancer inciEnvironmental Health Perspectives dence, using hospital-based case-controls as subjects, showed that blood zinc levels were consistently higher in cancer patients than in controls. Dietary intake of zinc was reported to be equivalent in all subjects.
Schrauzer et al. (446, 447 ) evaluated food intake in several countries and reported a direct correlation between estimated zinc intake and age-adjusted mortality from leukemia and cancers of the skin, breast, prostate, and intestine. The authors speculated that increased dietary zinc interfered with absorption or utilization of dietary selenium, producing a relative deficiency of this latter essential trace element. A relative deficiency of selenium produced in this manner may have contributed to the increased cancer incidence, but the data provided by these investigators did not support this hypothesis.
In contrast to the interpretation of Schrauzer et (455) with respect to lung cancer mortality in a subpopulation living in an area where an old lead/zinc mining and smelting operation had previously existed. Lung cancer incidence was elevated in the area but it could not be traced to the smelting operation and consequent exposure to environmental contamination by zinc or lead.
Studies in Experimental Animals
A number of reliable reports associate zinc status with susceptibility to cancer. Most of these studies examine zinc deficiency as opposed to zinc excess. In studies of zinc excess, exposure has primarily been by inhalation (387, 388) . For example, rats, mice, and guinea pigs were exposed to a zinc oxide/hexachloroethane smoke mixture in concentrations up to approximately 125 mg zinc/m3. Exposure was 1 hr/day, 5 days/week for 18 months. There was a statistically significant increase in frequency of alveologenic carcinoma in mice exposed to the concentration of 125 mg zinc/m3, but no tumorigenic effect was noted in either rats or guinea pigs subjected to similar exposure protocols. However as pointed out above, lung tumors are common in many strains of mice and an increased incidence of this type tumor in one strain, one sex and at the highest dose of exposure cannot be taken as evidence for carcinogenicity of zinc. Moreover, as noted, this study used only female animals, and the exposure was to a mixture of chemicals, not to zinc only; the contribution of other chemicals to the end result is unknown.
A number of reports from experimental animal studies suggest that zinc deficiency inhibits growth of transplanted tumors in animals as well as prolonging survival time. Petering et al. (456) and DeWys et al. (457) showed that growth of transplanted Walker 256 carcinoma in rats was significantly inhibited by zinc deficiency. Other studies have demonstrated an effect of zinc deficiency on leukemias and lung carcinoma (458), Ehrlich ascites tumor (459) , and plasmacytoma (460) in rats and mice. The inhibitory effects of zinc deficiency on these tumors can be explained in part by the well-known influence of zinc on tumor cells: rapidly growing tumor cells require relatively large amounts of zinc for maintenance of growth.
The reports of other investigators seemingly contradict the results of studies alluded to above. Fong et al. (461) observed that the incidence of esophageal tumors induced by methylbenzylnitrosamine (MBN) was significantly higher in rats maintained on diets low in zinc (3 ppm) compared to normal, zinc-supplemented (60 ppm) animals. It is likely that the dramatic effect of zinc deficiency on the esophageal epithelium (462) contributes to enhanced susceptibility to cancer. The epithelium is severely damage by the deficiency alone, leaving it more sensitive to the carcinogen or its activated metabolite. There is also some evidence that metabolism of the carcinogen (MBN) is modified by zinc deficiency (463) .
Others have shown that zinc intake greatly exceeding nutritional requirements (more than 10 times) suppressed carcinogenesis induced by dimethylbenzanthracene (DMBA) in Syrian golden hamsters (464) . Duncan and Dreosti (465) have observed similar effects in rats exposed to azo dye which induces liver cancer in rats.
The contradictory nature of the two types of experiments described above would appear to result in part from different sys Other investigators have shown that zinc offers a protective effect against such carcinogens as nickel (466) and cadmium (467) . These investigators gave zinc in doses of 1.0 mmole zinc acetate/kg sc, 6 hr before, simultaneously, and 18 hr after cadmium injection, or 100 ppm zinc acetate in drinking water throughout the 100 week study. Diplock (468) has discussed mineral insufficiency, including zinc, and a possible relationship between minerals and cancer.
The impression gained from results of genotoxic studies as well as epidemiologic and experimental cancer studies is that, while there may be some conflicting and contradictory results, the weight of evidence is that zinc, although potentially toxic at high levels of exposure, is clearly essential for optimum resistance to cancer, especially in mounting an immune defense against developing tumors. Furthermore, there is no evidence for enhanced cancer risk by higher than normal dietary zinc.
Summary of Health Effects
In summary, this review supports the consensus statement from the NAS/NRC report (9) on "Drinking Water and Health" which stated that: "In view of possible deficiency in United States diets, it is prudent to maintain all dietary sources of zinc... The possibility of detrimental health effects arising from zinc consumed in food and drinking water is extremely remote." The evidence for significant toxic effects of zinc in human subjects is restricted almost entirely to accidental exposure to high concentrations of zinc compounds, such as those in smoke bombs, or from accidental or intended overdosage of zinc in therapeutic forms. Notably, these kinds of exposures are acute sudden exposures to high concentrations. Even so, these effects are almost always reversible.
There are unequivocal results from both human and animal observations, which document that acute, high level exposure to zinc compounds can produce respiratory and gastrointestinal toxicity. However, these effects are largely self-limiting and require only modest medical attention. Exposure to smoke from bombs containing zinc compounds can cause illness, generally transient, as can acute or chronic exposure to fumes from acetylene or electric welding of zinc-containing metals. Exposure to excess zinc in tablets intended for human consumption, controllable for the most part, can also result in clinical changes, such as decreased activity of erythrocyte superoxide dismutase and increased activity of serum alkaline phosphatase and pancreatic enzymes. Other reported effects such as changes in serum lipoproteins and immunological status are controversial and require more definitive assessment. There is no compelling evidence supporting a cause for concern about zinc in the environment as a putative toxic agent.
Research Priorities for the 1990s
Identification of Subjects at Risk of Altered Zinc Status Environmental Studies. Nutritional studies have confirmed that inadequate zinc intake occurs in subsets of the United States population and can lead to adverse health effects. Toxicity from increased intake of zinc has been documented following acute inhalation by industrial workers, overdose of oral supplement preparations and excessive levels in total parenteral nutrition fluids. Currently, there is not good evidence that a subset of the population is at risk of adverse health effects from increased zinc intake as a result of local environmental contamination at waste sites or from industrial discharges. A first priority is to establish that drinking water levels or dietary content of zinc are increased in populations adjacent to environmental sites with unusually high zinc content. This rationale is based on concern that research dollars should not be devoted to study of the high end of the zinc dose-response curve without clear evidence of its relevance. Reasons for considering that there is unwarranted concern about increased intake of zinc include the wellknown aversive taste of drinking water with elevated zinc levels and uncertainty that crops and other dietary sources would accumulate zinc in significantly greater levels from leaching of the metal from waste sites. Research is needed to identify populations suspected of increased intake of zinc from contamination of drinking water and foods, before further work is justified to evaluate the effects of elevated zinc intake in experimental studies. Environmental studies should entail sampling of ground water, drinking water, and the diet. Care must be taken to evaluate the contribution to tap water of zinc from water-supply piping, as opposed to environmental waste sites.
Epidemiological Studies. If environmental studies reveal that segments of the population are indeed at risk of zinc ingestion significantly above the RDA, epidemiological studies may prove useful in determining whether there are associated health effects. These types of analyses would not necessarily reveal effects of zinc alone, since under environmental conditions contaminations might potentially include multiple metal and organic pollutants and require extensive data collection to account for confounding variables. The difficulty arises in that although zinc at certain dose levels may produce symptomalogy, it may also be protective against effects of other agents. Questionnaire-based surveys of populations in areas of unusually high or altered distribution of zinc, in comparison to a well-chosen control group, might consider end points such as reproductive history, infection rates, behavioral assessments, and cardiovascular morbidity and mortality. Such a study obviously would require careful attention to dietary histories for assessment of zinc intake and of course would be most productive with some measure of zinc status in individuals (see below).
Development of Methods for Assessing Zinc Status in Humans
Research should be supported to develop improved methodology for determining zinc status in individual subjects. More practical, inexpensive, sensitive and physiologically valid methods are needed to permit estimating the total body burden of zinc and its compartmental distribution within the body. This methodology is needed to improve research on the dose-response relationship between zinc levels in the body and effects at various target sites. Since plasma zinc concentrations have been criticized as a relatively insensitive indicator of zinc status, other approaches including reliable biomarkers must be developed, especially for large-scale screening studies. Possibilities that deserve expanded consideration include: zinc in sampling sites such as hair and nails, shed teeth from children, and urine. A more sophisticated approach for clinical studies that warrants further validation is the determination of the turnover rate of the readily mobilizable pool of zinc, about 10% of total body burden. There is evidence that this parameter is inversely correlated with zinc status. This relationship should be more clearly established by determination of turnover rates in subjects with controlled or estimated zinc intakes. Turnover rate appears to be most accurately estimated by iv administration of the stable isotope 67Zn, followed by measurements of 30-to 60-min plasma levels using plasma emission mass spectrometry. The most well-controlled, albeit expensive, study would entail placing subjects in a metabolic ward and sequentially providing diets varying in zinc content below, at, and above the RDA. A less well-controlled approach would be to study subjects whose dietary history permitted classification as marginal, normal, or zinc-supplemented. Another posssible indicator of total body burden of zinc may be provided by in vivo neutron activation analysis of zinc in bone, a concept that also deserves research development.
In addition to zinc measurements for assessing zinc status, research should be directed, as noted above, to the development of valid biomarkers. Among possible candidates are erythrocyte superoxide dismutase, metallothionein, serum alkaline phosphatase, and serum amylase or lipase, although none of these alone would be sufficient. Research in this area must include studies that further elucidate the mechanisms of zinc-induced changes in these parameters, especially in relation to alterations secondary to changes in other essential metals such as copper.
Studies of the Health Effects ofZinc Status: Interactions with Other Trace Elements
Rationale. Further research on the health effects of zinc should primarily address questions related to the critical role of this metal in physiological processes. Studies should therefore encompass the dose-response relationship ranging from mild deficiency to mild excess. Research is encouraged in areas of immunology, reproduction, multigenerational studies, neurology, and lipoproteins and cardiovascular function. Studies should address the role of zinc-induced perturbations in other essential metals, especially copper and iron, in the production of biological effects. In vivo dose-response experiments with zinc should therefore include the monitoring of copper and iron status by measures of these metals in serum and tissues and of relevant biomarkers such as erythrocyte superoxide dismutase and serum ceruloplasmin for copper and serum ferritin for iron. The effect of increased copper or iron intake on zinc dose-response curves should be determined.
Interactions of zinc and toxic heavy metals are also fertile fields for investigation, especially because of the likely multiple components of environmental waste sites. The well-known toxicity of both lead and cadmium seem to be, under some circumstances, ameliorated by zinc. The in teractions of zinc, lead, and cadmium on biological systems appear to be poorly understood. As a minimum, end points that should be examined include immunocompetence and reproduction.
Studies feeding massive doses such as 100 and 1000 times the RDA, as in some work described earlier in this text, do not warrant support. Long-term carcinogenesis studies with high doses in rodents also are not recommended, primarily because of the negative results in earlier studies.
Immunological Function. CAUSES OF IMMUNE DEFECTS IN ZINC DEFICIENCY.
The average American is at far greater risk of experiencing immune defects due to suboptimal intake of zinc rather than defects induced by high zinc. There is a definite need for more extensive human research to elucidate further the nature and degree of change that suboptimal zinc status makes in host defense. Additional studies of the immune defects using rodent models are also necessary to identify the underlying mechanism(s) that cause the rapid demise of the immune system by zinc deficiency. Animal models have not been used to good advantage to elucidate how cytokines, nutritional repletion, etc., might be used to help rejuvenate immune systems impaired by inadequate zinc. Rodent models (since extensive in vivo assessments can be performed) would be vital to these studies as well.
It is now clear that deficiencies in zinc alter endocrine function and lymphopoietic processes in the mouse. More studies are needed regarding the nature and extent of induction of glucocorticoids and the stress-endocrine axis by suboptimal zinc. Likewise, it is now clear that the glucocorticoids induce programmed cell death or apoptosis in the immature cells of the immune system. This induction of cell suicide and its role in the rapid atrophy of the thymus and decline in lymphopoiesis and production of new lymphocytes in the bone marrow need to be further characterized for the zinc-deficient mouse, since it appears to be a seminal mechanism.
The elderly appear to be mildly deficient in zinc. Whether this is a normal and acceptable outcome of aging or a deviation that should be addressed by supplementation is a topic of key current interest. The studies of Bogden et al. (397) indicate that extensive zinc supplementation of the elderly may have little effect on immune competence. However, this is an important problem that might well be addressed again with better attention given to the immune tests used and appropriate controls. It is well documented that T-helper function and production of IL-2 decline with age. This might be exacerbated by mild zinc deficiency and might also be quite sensitive to the beneficial effects of supplementation. There has been virtually no examination of the capacity of monocytes and neutrophils to carry out phagocytosis and microbicidal killing in the elderly. These cells, the first line of immune defense, may be impaired by zinc deficiency (398) PMNs, or macrophages present in the lung. Rather it must be ascertained whether they can still carry out vital functions. d) Whether or not repeat exposure to inhalation of zinc oxide increases or decreases the sensitivity of the lung is also important to ascertain. For example, if sensitivity increases markedly, the effect of sequential exposure on pulmonary immune function could prove to be far more serious than results from a single exposure would suggest.
Animal Studies. Inhalation studies should be conducted in several animal species until definitive assessment is made of the most appropriate model for mimicking the human response to zinc inhalation. Because the mouse has served as a highly reliable immunological model for humans, it should serve well for predicting immunological effects of excess exposure to oral intake of zinc. The optimum experimental facsimile for oral intake would seem to be to provide excess zinc to mice via their water supply rather than adding it to their diet, in order to mimic the most likely source in man of increased zinc from environmental contamination.
To ascertain the effects of excess intake of zinc on immune function, care must be taken to measure host defense response in vivo. This approach will avoid the artificiality of the in vitro or tissue culture environment that contains normal levels of zinc, metabolites, hormones, etc., and which can facilitate repair of defective functions. For this purpose mice provided normal and excess amounts of zinc should be periodically challenged by in vivo immunization with T-cell dependent and independent antigens using a standard Jerne plaque assay to evaluate the proportion of splenocytes responding in the two treatment groups. In this manner, actual differences in antibody-mediated response capacity can be readily de- tected. In addition, mice should be challenged with subacute levels of live pathogens to determine if immune defense systems are indeed intact.
To ascertain the status of cell-mediated responses, mice should also be challenged in vivo with small numbers of solid tumor cells and evaluated for their ability to eliminate the tumor. Balb/c mice inoculated with myeloma cells are especially useful for such studies. Finally, since leukopenia and altered distribution of leukocytes accompany many changes in nutritional status, the peripheral blood, spleen, thymus lymph nodes, and bone marrow should be evaluated for the absolute numbers of the major classes of leukocytes. The proportion of the major classes and subclasses of leukocytes should be determined by flow cytometry. These evaluations would provide a solid preliminary determination of whether or not excess intake of zinc significantly altered antibody or cell-mediated responses, key to host defense.
Reproduction and Teratology. Multigenerational studies to assess possible effects of zinc on fertility and reproduction should be carried out in a rodent model. These studies should emphasize analysis of doses ranging from mild deficiency to moderate excess. The highest priority is determination of effects of doses above the RDA, since effects of deficiency are better studied. Zinc should be administered in the diet or drinking water but only at levels that do not alter food or water intake. The protocol for these studies should follow EPA guidelines. End points should include, as a minimum, number of conceptions, percent live births, teratologic assessment, and birth and growth weights of pups. Studies should include analysis of both male and female fertility. Attention should be directed to potential effects secondary to induced deficiency of other essential metals, such as the reduction in litter size and increased neonatal mortality associated with copper deficiency (469) .
Neurological Function. ANIMAL MOD-ELS. Further research is important to characterize the role of zinc in neurological function, especially development and function of the brain. Mechanistic studies of the mediators of release of zinc from nerve terminals and receptor modulation are critical to understanding the normal role of endogenous zinc. Of higher priority with respect to effects of zinc excess are in vivo experiments in rodent models. These studies should entail dose-response analyses of offspring from pregnant rats fed increased levels of zinc before, through and after gestation. Offspring should be investigated for zinc concentrations in brain regions, histological assessment of neural architecture and myelination, and longterm behavioral effects. Because of the known effects of copper deficiency on neural development, especially reduced myelination (470) , copper status in offspring should be assessed as well. Studies of adult rats fed excess zinc are of lesser priority because the literature suggests that behavioral effects are not likely to be observed.
STUDIES OF ZINC NUTRITURE AND COGNITION IN HUMANS. Premenopausal
Women. Premenopausal women are at risk of zinc deficiency from food selection and menstrual loss. A pilot, randomized controlled trial in women with low serum ferritin and lower serum zinc than women with normal ferritin found that zinc repletion was associated with improved shortterm recall of visual design compared to baseline, while control women showed no improvement. Findings from this pilot study are consistent with experimental findings in zinc depleted men and in experimental animals. Studies are needed to validate and expand on these pilot observations. Three groups should be included in this study: women with documented zinc deficiency, women with adequate zinc status, and women supplementing with zinc at 50 mg or more daily. In each group assessments of cognitive function should be carried out before and after treatment with zinc, 50 mg/day orally.
Offipring of Women Supplemented with Zinc during Pregnancy. The long-term effects of zinc status during gestation on neurological function in children is not known. Animal studies clearly indicate that zinc deficiency during pregnancy adversely affects fetal development and cognitive function of offspring. Studies in women indicate fetal growth failure and increased incidence of complications of pregnancy. A two-center study, which examined the relation between the nutritional status of low-income teenagers and pregnancy outcome, included a randomized controlled trial of zinc (30 mg/day) from the middle to end of pregnancy. Zinc reduced the incidence of pregnancy complications. The There is no evidence that excess zinc impairs cardiovascular function. However, copper deficiency has been shown to produce cardiac arrythmias, impair ATP formation in the heart and increase aortic fragility secondary to reduced lysyl oxidase activity (471) . Studies of the effect of excess zinc intake on these parameters should be explored in relation to copper intake.
Hematologic Effects: Sideroblastic Anemia. Excess intake of zinc has been shown in humans to induce sideroblastic anemia. In this condition ferric iron accumulates in mitochondria of erythrocytes. The mechanism of this effect is unknown. One hypothesis is that the symptoms result from zinc-induced copper deficiency. The pathogenesis of this effect should be studied, which may facilitate understanding of mechanisms of sideroblastic anemias and possibly management strategies, both of which are lacking at present.
Mechanistic Studies
FACTORS INFLUENCING ZINC STATUS. Regulation ofAbsorption and Excretion. Research should be directed to enhance understanding of the molecular mechanisms of zinc absorption and excretion and their homeostatic regulation under conditions of mild deficiency and moderate excess. The transport process of zinc through the brush border membrane of gut mucosal cells and its interaction with intracellular ligands that influence the extent of absorption needs better definition. Pancreaticobiliary secretion is known to be a major excretory route of zinc. Research is needed to improve understanding of the regulation of these secretary pathways, the form of zinc in these fluids e.g., "packaging," the extent of intestinal reabsorption from this source and the of altered secretion by this route in homeostatic regulation.
CLONING OF GENES THAT INFLUENCE ZINC TRANSPORT. Study of the molecular mechanisms of the known genetic disorders which affect zinc status should provide critical knowledge about zinc transport under normal conditions. These disorders include acrodermatitis enteropathica in humans, characterized by impaired zinc absorption, and lethal milk syndrome in mice, characterized by decreased zinc transport into milk. Research should be directed to determination of the altered genes, cloning of these genes and identification of the normal gene products. Functional Significance of Zinc-induced Metallothionein Expression. Further research should be supported to determine the significance of zinc-induced expression of metallothionein isozymes, especially in relation to zinc disposition, hydroxy radical scavenger activity and metal donor function for metalloenzyme activation.
Zinc Status and the Function of Ezymes and DNA-binding Proteins. The molecular mechanism for the essential role of zinc in biological processes has been facilitated by basic studies on the interaction of zinc with enzymes and more recently with DNA-binding proteins. Further work in this area is likely to be highly fruitful. Studies should be supported to determine dose-response relationships between zinc status and function at the molecular level, such as the activity of critical regulatory transcription activators.
Mechanism of Zinc-induced Copper Deficiency: Regulation of Ceruloplasmin Expression. The molecular mechanisms underlying the interactions of zinc with other trace elements requires better definition. As indicated above, the inverse relationship between zinc and copper levels in the body appears significant to understanding the health effects of zinc status. Studies should be supported to determine the basis for the effect of zinc on copper status. The competition between these metals demonstrated in intestinal mucosal cells is likely to explain the reciprocal relationship between zinc status and copper bioavailability. Other interaction sites should be determined. For example, ceruloplasmin, the major copper-binding protein in plasma which is synthesized in the liver, also exhibits an inverse relationship to zinc status. Factors which decrease plasma zinc such as stress and acute infection, mediated in part by IL-1, also increase plasma ceruloplasmin. Studies should be carried out to determine whether zinc is a negative or positive regulator of the hepatic synthesis of this protein.
